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Apaner [m?] Panel Surface
B - Pressure Ratio
C [kJ/K]  Thermal Capacity
Cpuzo [kJ/kgK] Water Specific Heat
Cpeink [kJ/kgK] DHN circuit Fluid Specific Heat
Cpsource [kJ/kgK] ENVISION Panels circuit Fluid Specific Heat
Dhi [W/ m?]  Direct Solar Radiation horizontal surface
Deltary; g i Temperature Logarithmic Difference in Heat Pump
mra Evaporator
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,Cond Condenser
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My20 [ka/s] Water Mass flow rate
Mgink [ka/s] Connection to DHN Water Mass flow rate
Mgource [kals] ENVISION Panels circuit Mass flow rate
MyorkingFluid [ka/s] Heat Pump working fluid Mass flow rate
Neomp - Heat Pump compressor efficiency
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P, [kW] Heat Pump electric consumption
Peond [bar] Heat Pump condenser pressure
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U kW/(m?K) Global Heat Exchange Coefficient
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Abstract

This thesis is focused on the analysis of distributed generation potential and drawbacks in
different scenarios. The analysis is divided into three main chapters with the aim of
describing the technical and normative framework that regulates the distributed generation
application, before moving in the detail of two different applications: a residential and a
maritime one. The use of micro Gas Turbines is one of the most promising solutions towards
the large diffusion of distributed generation of both thermal and electric energy, anyway, it
is worth to mention also other technologies such as Renewables, Fuel Cells and Internal
Combustion Engines.

The residential application is developed within the H2020 Envision project that aims to
foster the transition to positive energy buildings increasing the active surfaces for energy
production for solar radiation. In this context, the University of Genoa is responsible for one
of the two main demosites, where Envision technologies are tested in interaction with a
Smart Polygeneration Microgrid. To do that, a detailed study of the thermo-economic
performances of the involved technologies has been developed in order to proper dimension
and design the demosite components. In particular, it has been necessary to model and
analyse the performance of thermal solar fagcade panels connected to a Heat Pump, with the
aim of evaluating the best configuration of the system and its proper management in
interconnection with a District Heating Network. Furthermore, the presence of a micro Gas
Turbine, to provide also electric energy, requires more detailed management of the system
obtained through a thermo-economic analysis that gives the basis for the tuning of a Model
Predictive Control through the experimental campaign. Furthermore, the results obtained
from a preliminary test campaign for analysing the impact of insulation on the back of a
panel are reported in the conclusion of this section. The overall activities represent a strong
and solid basis on which rely during the experimental campaign, in terms of configuration,
installation and control of the system.

The second application of distributed generation presented in this work refers to a maritime
scenario. In this context, a detailed study has been developed in order to understand if the
use of micro Gas Turbines and/or PEM Fuel Cells is suitable for Distributed Generation on
board of cruise ship. In particular, taking into account the application, the choice of the best
solution has to consider not only energetic performances but also aspects related to volumes
and weights that could affect the available payload of the vessel. To do that, a steady-state
analysis has been developed, in detail, with the scope of analysing and comparing the
different solutions in terms of economy, energy and dimensions. After that, a deeper study
has been performed in a time-variant scenario, where it has been considered the proper
management of the system. This analysis highlights the promising performances of PEM
Fuel Cells at partial load, while on the other hand, the mGTs show better behaviour in a CHP
application. All those aspects have been considered, evaluating also the performances in
terms of emissions for the considered technologies when compared to Internal combustion
engines fuelled by LNG. This activity has been the first step towards the development of a
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comparison tool, HELM, that is able to compare different energy generation solutions for
maritime application depending on the considered scenario, suggesting which can be the

most suitable solution taking into account the relevance of the main evaluation categories:
volumes, weights, costs and emissions.
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1 Distributed Generation: an introduction

Decarbonisation and technological development are increasing reliance on renewable
technologies, primarily variable weather-dependent resources such as wind and solar.
Looking at Figure 1, reporting the share of renewables in power generation considering the
European Sustainable Development Scenario, we can state that a huge increase of this share
is expected in the upcoming 10 years, moving from a value of 28% to almost 50%. Among
Renewable Energy Sources (RES), the largest increase is linked to solar energy. Figure 2
underlines this aspect, showing the evolution of the energy share, in terms of the total amount
of energy per year, supplied by RES considering the contribution of different typologies.
The Hydropower source (violet one) is the already most exploited among RES, while wind
and solar energy (orange and yellow ones) still have a huge potential to be used.

Share of renewables in power generation in the

Sustainable Development Scenario, 2000-2030
60
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Figure 1 Share of renewables in power generation in the Sustainable Development Scenario [1]
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Renewable power generation by technology in the
Sustainable Development Scenario, 2000-2030

17 500
w
(=]
o
15 500
Hydropower
12 500 Onshore wind
Offshore wind
TWh 10 000 solar PV
@ Bioenergy
7 500 Geothermal
® C5P
5000 ® Ocean
2 500
0 2% C e S o E==m ] [ ] T aannp I !
-

Figure 2 Renewable power generation by technology in the Sustainable Development Scenario [2]

Power systems are indeed facing relevant changes due to the increasing shares of variable
RES; this leads to a larger request for flexibility. On the other hand, the consequent decrease
of traditional sources supply deprives the power system from their programmable and
flexible contribution.

From this scenario irrupt Distributed Energy Resources (DERs), a diverse array of
technologies including gas-fired distributed generation, solar photovoltaics (PVs), small-
and medium-sized wind farms, electric vehicles, energy storage, and demand-side
management. These DERs, unlike traditional centralized units, are characterized by their
small capacities (from 5 kW up to 300 MW), their diverse nature (generation, storage,
responsive demand, or any combination thereof), and their connection to electricity
distribution grids (centralized power unit are usually connected to transmission network).
DERs, if properly integrated, may have the potential to deliver not only the valuable
electricity services that are traditionally provided by centralized generating units, but also
new services enabled by their distributed nature [3].

Therefore, the community has to face the end of the so-called “Trickling down” paradigm
[3]. This name refers to the scenario where we have been living under for more than a
century: large power plants inject power into the transmission network via step-up
transformers (400 kV and/or 275 kV); that power, covering long distances in transmission
lines, is brought by step-down transformers in substations to lower voltages into the meshed
high-voltage distribution network (130 kV). Then, other transformers in smaller substations
bring the power to lower voltages in the medium-voltage distribution grid (33 kV and/or 11
kV). Finally, the so-called distribution transformers, located in special-purpose poles in the
streets or hidden in large buildings or underground, bring power to the consumers located
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nearby (380V or 240V). Figure 3 shows schematically this traditional power system
paradigm.
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Figure 3 ""Trickling down™ paradigm

Electrical distribution grids were traditionally designed as ‘passive’ networks, containing
mainly loads. In such power systems, power flows uni-directionally, from the high voltage
transmission grid to the loads in the lower voltage levels of the system. The cited penetration
levels of DER transform distribution grids to ‘active’ systems which, together with loads,
contain high shares of generators and energy storage devices. This new system structure
implies bi-directional power flows between distribution and transmission systems; indeed,
distribution grids will be responsible for the power export in periods when local generation
exceeds consumption. This evolution brings higher complexity in the management of
distribution systems, but also open to new possibilities in the optimisation of the overall
system by allowing distribution systems to participate actively in the system operation and
by allowing DER to participate actively in the distribution system management [4]. In many
countries, renewables generation units could be located in a particular exploitable area (such
as Solar Energy in the South of Italy, Figure 4). It is then possible to have the majority of
the electricity generation located at the lower voltage levels of the distribution network in a
specific part of the country, while the power demand is more uniformly located in the
territory (as reported for the Italian case in Figure 5). This scenario leads to substantial power
flows with large potential impacts at all voltage levels. Indeed, these flows could impact a
country’s transmission system and interconnections with neighbouring systems.
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Figure 5 Energy Flows in 2017 [6]

Generally speaking, the architecture of the energy system is to be approached in a new way
of thinking, where the old strict boundaries among users and producers, transmission and
distribution become more blurry. A big effort is therefore needed in terms of policies and
regulations in this future grid concept. European Countries are working in order to adapt and
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upgrade the regulatory framework with the vision of a future where RES and Distributed
Generation will have a major role.
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Figure 6 Energy system transition scheme [5]

1.1 Italian energy policies

Energy policies are established interacting between several, possibly conflicting, targets. The
security of demand-supply will always be the first key target in any energy policy, although
the emphasis on supply security can differ over time and geographies depending on different
factors. In the last decades, energy policies have focused also on the limitation of the
negative environmental impact related to energy production and transmissions. The type of
environmental problems addressed has shifted over time, moving from local pollution to a
more global perspective emphasized by the climate change problem. The third target relates
to cost minimization, aiming to supply energy in a cost-efficient way. Talking about this
economic aspect, the regulation authorities sometimes focus a bit narrower, with a strong
emphasis on e.g. low prices and industrial competitiveness, which is not necessarily the same
thing as an economic efficient supply [4].

A particular focus on the Italian context is developed in this section, detailing the regulatory
framework on what the Italian legislator is working to face the cited changes and to track the
environmental sustainability objectives. It is worth underlining that most of the directives
implemented at National level are developed in compliance with European Union guidelines.

1.1.1 Incentives and policies direction

The Italian electricity sector is evolving rapidly owing to the effects of the profound energy
transition, focused on achieving sustainability goals and improving system security. The
most significant elements of the new model are the integration and management of
renewable energy, energy efficiency, grid digitalisation and storage systems. A brief
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description of the evolution of Italian policies in towards the target of pollutant reduction is
here presented.

To promote and increase the use of renewable energy sources in electricity production and
to create demand for electricity from renewable energy sources, the Italian government
introduced in 1999 an annual obligation for electricity producers and importers to input a
minimum quota of energy produced using renewable energy sources into the national
electricity system. This quota was equal to 2% of the electrical energy produced or imported
from non-renewable sources in the previous year, in excess of 100 GWh/year. An energy
operator could discharge its obligation by either producing the entire minimum quantity of
energy from renewable sources by itself or by purchasing the whole or part of an equivalent
amount, or the related rights (green certificates), from other producers. Green Certificates
evidence the renewable attributes of the electricity generated. From 1 January 2016, Green
Certificates were replaced by a feed-in premium mechanism known as GRIN. The new
mechanism guarantees the payment of a tariff by the GSE (Gestore Servizi Energetici) on
the net production of energy.

In 2005, an incentive system specifically dedicated to solar photovoltaic plants, known as
Conto Energia, was introduced. Conto Energia consisted of the payment of fixed incentive
tariffs for 20 years starting from the date of entry into operation of the relevant photovoltaic
plant (depending upon the capacity of the plant and the level of integration of the plant).
Conto Energia is no longer in place for new photovoltaic plants because the budget was
reached in July 2013. Projects aimed at increasing energy efficiency may be eligible to obtain
White Certificates (also known as energy efficiency certificates). White Certificates are
tradable instruments that give proof-of-end-use energy savings. The scheme aims at
supporting the production of thermal energy from renewables and high-performance
cogeneration units as well as small-scale interventions of energy efficiency for private
persons and the public administration.

A simplified sale and purchase arrangement are other tools offered by the GSE under which
producers are paid a minimum guaranteed price for every kWh. Producers with small-sized
plants and a nominal electrical capacity up to 1 MW may benefit from this scheme for the
first 2 million kwWh per year fed into the grid, with the possibility of receiving more if the
hourly zonal prices prove to be more advantageous.

Through the net metering service, producers or users may feed into the grid the electricity
that they generate on-site, but do not consume immediately, and take from the grid part or
all of the electricity that they need at a different time. This system applies to renewable
energy plants having a capacity up to 200kW commissioned after 31 December 2007 and to
high efficiency combined heat and power plants with a capacity up to 200 kW. Under this
service, the producer receives a yearly net metering contribution from GSE. This
contribution refunds the producer or user for part of the costs incurred for importing
electricity from the grid. The energy produced by renewable energy plants has
interconnection and dispatch priority. Moreover, the national Transmission System Operator
(Terna) and the operators of the local distribution grids, have the obligation to connect every
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plant that makes a connection request to the grids that they operate. A request to be connected
to the power grid can be filled before the construction of the plant is completed, or even
started, because no time limit is set as to how long before the start of operations the request
can be filed. The request to be connected to the power grid must be filed with either the
operator of the local distribution grid if the capacity requested is below 10 GW, or Terna, if
the capacity requested is equal to or more than 10 GW.

In 2017, the Italian government approved the National Energy Strategy setting out future
policy goals for the electricity sector. The objective is to make the national energy system
more competitive, sustainable and secure. Italy has already achieved its 2020 renewable
energy targets, with energy from renewable energy sources accounting for 17.5 % of total
energy consumption in 2015, in comparison with the 17 % target to be reached by 2020. The
main new priority goals, included in PNIEC 2018, are set as follows [7]:

. to achieve the target of a 30% share of renewable energy sources on total energy
consumption by 2030;
. to foster low energy-consumption initiatives having the best cost/benefit ratio, to

achieve 32.5% of energy savings by 2030 and give impetus to the Italian energy
efficiency industry (e.g., construction of energy-efficient buildings and
installation of energy-efficient facilities);

. to speed up the decarbonisation of the energy system, starting from the use of
coal in power generation, and to introduce progressive measures spanning the
entire energy process, thereby achieving significant environmental and health
benefits, and contributing to the attainment of European targets;

. to launch the capacity market to guarantee system adequacy, maintaining the
necessary gas-fired capacity (with priority to flexible capacity) and integrating
new resources into the market (e.g., cross-border renewable-energy power-
generating units, storage systems, active demand-side management), further
strengthening interconnections with neighbouring countries, increasing the
capacity of storage systems, implementing grid projects to integrate renewables,
and increase the resilience of the system;

. to decrease primary consumption of oil products by 13.5 Mtoe by 2030 when
compared with 2015 levels;

. to double investments in clean-energy research and development, from €222
million in 2013 to €44 million in 2021.

The objectives of the Italian energy policy up to 2030, set precisely by the SEN (Strategia
Energetica Nazionale; National Energy Strategy) 2017 [8], provide for significant
development of Renewable Energy Sources (RES) and Distributed Generation with an
expected integration of about 35-40 GW of new photovoltaic plants, mainly attested at the
level of distribution networks. This to reach, in 2030, 70 TWh of electricity from
photovoltaic plants (+180% compared to 2017), or 39% of the entire gross production of
electricity from renewable sources (equal to 184 TWh). It is clear that, for the reasons set
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out above, the adjustment of the distribution networks becomes crucial to accommodate the
significant increase in estimated Distributed Generation (about additional 3GWh/year by
photovoltaics alone). With the Legislative Decree no. 28 of 3 March 2011, the authority
highlighted the vision to incentivize distributed generation towards digitalization, providing
that [9]:

e "Electricity distributors that carry out modernization works according to smart grid
concepts are entitled to a higher return on invested capital for the distribution service,
limited to the above-mentioned modernization works " (article 18, paragraph 1)

e Smart grid interventions "consist primarily of systems for the control, regulation and
management of loads and production units, including electric car charging systems".

Decree-Law no. 34 of 30 April 2019 (Growth Decree-Law) [10] established a contribution
in favour of municipalities, up to a maximum of € 500 million for the year 2019 from the
Development and Cohesion Fund (FSC) for interventions related to investments in the field
of energy efficiency and sustainable territorial development. The contributions referred are
intended for public works in the field of:

e energy efficiency, including public lighting, energy saving in public buildings and
public housing, and the installation of installations for the production of energy
from renewable sources;

e sustainable territorial development, including work on sustainable mobility,
adaptation and safety of schools, public buildings and municipal heritage and the
removal of architectural barriers.

Starting from the year 2020, for the above-mentioned projects, the Growth Decree-Law has
authorized the implementation of a multi-year funding program, whose actual resources are
distributed among municipalities with a population of fewer than 1,000 inhabitants,
assigning to each municipality a contribution of an equal amount.

The effort of Italian regulations focuses also on buildings, in order to promote and enhance
the presence of Renewable Energy System and also reducing the energy consumptions. With
the Annex 3 of Legislative Decree 28/2011 [9] are identified obligations for the integration
of renewable sources in new buildings or buildings undergoing a major renovation, in force
since 31 May 2012. These obligations are currently established in terms of percentage shares
(increasing over the years) of the supply with renewable sources of the energy needs of the
building for the provision of heating, cooling and hot water services. In particular, it is
foreseen that in the case of new buildings or buildings undergoing major renovations, the
thermal energy production systems must be designed and built in such a way as to ensure
simultaneous compliance with the supply, through the use of energy produced by systems
powered by renewable sources, of 50% of the expected consumption of domestic hot water
and the following percentages of the sum of the expected consumption of domestic hot water,
heating and cooling:
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. 20% when the application for the relevant building title is submitted from 31 May
2012 to 31 December 2013;

J 35% when the application for the relevant building permit is submitted from 1
January 2014 to 31 December 2016;
J 50% when the application for the relevant building permit is issued from 1

January 2017 (then extended to 2018).

Regarding situations where it is technically impossible to comply with the obligations to
reach the energy requirements of buildings subject to first level renovation, the possibility
of a procedure for the installation of the mandatory quota by the owner on another building,
even if not owned by the owner, or transfer to the local authority that can accumulate them
in order to reach quotas suitable for interventions on public buildings is assessed.

Considering the ambitious goals set by the National Energy Strategy in 2017 [8], incentives
on electric vehicles (EV) result fundamental to encourage their development. Indeed, the
state of the art of electric vehicle charging station in Italy is [11]:

. 420 EV public charging stations installed in 60 provinces (out of these 300 are
installed by ENEL); Quick/Slow charging (3 KW and 22 KW) and fast charging
(43 KW) have been developed

. Fast charging stations (AC 43 KW and DC 50 KW) under test (to be initially used
in gasoline filling station);

. 2500 EVs introduced in 2012 (mostly light-duty quadricycles);

. Agreements with regions and municipalities to foster electric mobility
(infrastructure);
. Focus on interoperability between energy operators.

The Law 190/2014 (art.1 comma 232) [12] sets a gradual ban on the circulation of category
M2 and M3 motor vehicles fuelled with petrol and diesel (Euro 0) from 1 January 2019 and
provision for a ban on the circulation of category M2 and M3 motor vehicles fuelled with
petrol and diesel (Euro 0 and Euro 1) in-service contracts from 1 January 2018. In the 2017
Stability Law, the Government launched a substantial financing plan for the renewal of the
road rolling stock used for Local Public Transport for the period 2019-2033. These include
electric and natural gas buses for the integration and replacement of the existing bus fleet.
During discussions with Regions and local authorities, it was also decided to proceed with
the establishment of an interinstitutional political table for discussion and consultation on
transport, composed of the Ministries of Infrastructure, Economic Development and
Environment, as well as Regions and local authorities. It is proposed to accelerate the
provisions of paragraph 10 of Article 18 of the Legislative Decree 257/2016 [13] providing
that public administrations, bodies and institutions dependent or controlled by them,
Regions, local authorities and utilities for activities carried out in provinces with high PM10
particulate matter pollution, at the time of replacement of their car fleet, buses and public
utility vehicles, including those for municipal waste collection, are required to purchase at
least 30% by 2022, 50% by 2025 and 85% by 2030 of electric and hybrid vehicles with
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external charging, methane and hydrogen, and electric or methane in the case of buses. The
first measures in this sense have already been introduced, with effect from March 2019 to
December 2021, and consist in granting a contribution to those who purchase a vehicle with
CO2 emissions of less than 70 g/km and an official price of less than €50,000. The
contribution is differentiated by emission classes (0-20 g/km and 21-70 g/km) and depending
on whether or not a vehicle approved in classes from Euro 1 to Euro 4 is scrapped, and ranges
from €1,500 to €6,000. The same law provides for the experimentation of innovative means
of transport for personal mobility with mainly electric propulsion, such as segways,
hoverboards and scooters. On the other hand, the law provides, for the same period, the
payment of a tax for the purchase of M1 category vehicles, if the CO2 emissions are higher
than 160 g/km. The tax varies from €1,100 to €2,500 depending on emissions. In addition,
the Decree-Law n.34 of April 2019 (Growth Decree-Law)[10] established that those who,
in 2019, purchase, also under the financial lease, and register in Italy a brand new electric or
hybrid vehicle of categories L1e, L2e, L3e, L4e, L5e, L6e and L7e and who deliver a vehicle
for scrapping are entitled to a contribution equal to 30% of the purchase price, up to a
maximum of 3,000 € if the vehicle delivered for scrapping is in the Euro 0, 1, 2 or 3 category.

In the last decades, the regulator approach for the introduction of innovative solutions in the
system is to precede a stage experimental to the regulation phase at full throttle. A key
element of the "pilot projects™ is to carry out tests on real and limited cases. A list of
experiences of regulation through "pilot project” is here reported [14]:

e smart grid (Deliberation ARG/ elt 39 10)

o electric mobility (Deliberation ARG/ elt 242 10)

e storage systems (Deliberation ARG/ elt 199 11)

e participation of distributed generation in the MSD, Market for Dispatching Service
(Deliberation 300/2017/ eel)

The approach chosen by the Italian legislator to test the experiences of regulation in a really
limited environment (pilot projects) before issuing general measures, has certainly made it
possible to effectively frame intervention actions to implement a gradual demarcation of
electricity networks. Nevertheless, the process of “smartization”, involving multiple subjects
with different interests, makes difficult the identification of a single business model for all
the actors involved. This process still presents many critical points that require the
intervention of the regulator both in technical and social acceptability [15]. Concerning the
technical criticalities, the studies carried out have shown that, although the technological
solutions (e.g. communication devices, sensors, etc.) are generally available and mature in
their sector of reference (e.g. ICT), they are not always effectively interoperable and
therefore cannot be easily integrated into Smart Grids due to lack of homogeneity or
languages and mechanisms of communication and cooperation [15]. Of a different nature
from the previous point, but equally relevant to concretely promote the “smartization” of
current electricity networks, is the criticality related to social acceptability. The
implementation of smart networks requires the active involvement of end consumers who
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must accept a new way of energy management based on sharing their data and consumption
habits. Only after a detailed consumption profiling, for example, will the distribution
companies, or third-party companies involved in the management of the SG, be able to
implement management logics optimised and propose customer-specific participation
mechanisms or charging systems. On the other hand, it is easy to see that consumer
willingness to participate will be highly dependent on an effective understanding of both the
economic and environmental benefits of active participation. Therefore, regulatory
interventions aimed at defining possible incentive mechanisms for participation and national
communication campaigns will certainly be fundamental tools for the success of Smart Grids
(SG) projects. In this scenario, the promotion of social acceptability passes through:

1. regulatory interventions aimed at defining possible mechanisms to encourage
participation;

2. communication campaigns aimed at illustrating the usefulness of active participation
in SG projects;

3. search for technological solutions that enable a user-friendly way of participation
(e.g. through apps or Web-oriented tools now widely used in other sectors).

1.1.2 Grid connection limits and regulations

As described in the previous sections, the deeper presence of Distributed Generation systems
requires more flexibility in the grid system, to do that smart management of the network is
required. Currently, in Italy, 100% of HV/MV substations (>2000) and only 25% of MV/LV
Secondary Substations (>100.000 MV/LV SubStations) are remotely controlled [11].
Several thousand pole-top MV switches are remotely controlled and few installations of
remote control of LV breakers are present.

Other important technical aspects are related to grid connection. The presence of distributed
generation mostly connected to the distribution grid could change the connection methods;
therefore, a clear vision on the Italian grid connection standards is presented. The current
Italian regulations on grid connection standards, for all voltage levels, are subject to the
approval of the Regulatory Authority for Energy, Networks and Environment (ARERA).
The connection of users to the Transmission Networks, in particular, is subject to the
requirements of the so-called “Grid Code”, which is issued by the Italian Transmission
System Operator (TERNA), with the approval of ARERA. The connection of users to the
Medium Voltage and Low Voltage Distribution Networks is instead subject to the
prescriptions of the CEI regulations. In particular:

e Technical standard CEI 0-16 is the reference for the connection of active and passive
users to the HV and MV networks of electricity distribution companies;

e Technical standard CEI 0-21 establishes the modalities for the connection of active
and passive users to the LV networks of electricity distribution undertakings.

Considering grid connection, it is relevant to understand also the role of storage systems in
order to clarify in which regulation context have to refer. A storage system is considered to
be a production plant (or generation group of a plant) powered by non-renewable sources
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[16]. As a transitional measure, the procedural and economic conditions for high-efficiency
cogeneration plants shall apply. From the point of view of the connection to the grid with
the Deliberation 642/2014/R/eel [17], it has been established that the technical requirements
of V1 to the 3rd edition of CEIl 0-16 and V1 to the 2nd edition of CEl 0-21 must be
obligatorily met by all storage systems. A storage system is defined as a set of devices,
equipment and management and control logic, functional to absorb and release electricity,
designed to operate continuously in parallel with the grid with the obligation to connect third
parties or capable of causing an alteration of the exchange profiles with the electricity grid
(input and/or withdrawal). The storage system may or may not be integrated with a
production plant (if any). This does not include systems used in emergency conditions which,
therefore, only come into operation when the power supply from the electricity grid is
interrupted for reasons beyond the control of the person who has the availability.

Within grid connection regulations, there are also relevant aspects related to grid services
that the different producers connected to the grid could or must provide. These services have
always been peculiar of programmable energy producers; but considering the increasing
share of non-programmable energy producers, the need for a reassessment of the regulatory
aspects related to grid services becomes evident. In particular including also non-
programmable producers in the group of suppliers for these fundamental services. At the
beginning of 2010, only for high power wind plants (connected to TSO) and for the new
construction ones, became mandatory the provision of some automatic grid services,
including the reduction of power in case of need (service previously provided only by the
larger programmable plants) [18]. The observability of production has also been extended,
every 4 seconds by Terna, as already foreseen for larger programmable plants. This
contributes to reducing the reserve margins that must be supplied for the safety of the
electrical system [18].

Then, from 2012 to 2015, also for distributed generation units has been planned the
obligatory provision of some grid services. Among these, the mandatory installation, on
systems that have been in operation since 1 April 2013 and on existing installations with an
installed power higher than 6 kW, of devices (inverters, where provided, and interface
protection devices) with the aim of preventing the disconnection of plants as long as the grid
frequency remains in the range of 47.5-51.5 Hz (as the largest plants), rather than the
previous range of 49.7-50.3 Hz, avoiding the safety problems caused by the sudden
shutdowns of the small generation systems, currently no longer negligible [18]. This aspect,
therefore, increases the responsibility of distributed generation units in the grid frequency
maintaining. Furthermore, for all wind and photovoltaic systems (including existing ones)
connected to medium voltage networks and having a power equal to or greater than 100 kW,
has been set mandatory the installation of disconnection systems to be used to guarantee the
safety and grid stability (generally the production from RES is privileged but there are cases
where disconnections are needed, e.g. very significant low demands).

In parallel, in order to reduce the gap between RES and programmable sources, it has been
tried to promote better forecasts of the electric energy introduced in the grid. Then it is
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possible to extend the discipline of the grid imbalances also to the not programmable RES.
This contributes to reducing the reservoir margins that must be supplied for the safety of the
electric system, avoiding that the costs due to the lack of predictability affect only the general
consumers.

Recently, the opening of MSD (Market for Dispatching Service) to demand, non-
programmable renewable sources and distributed generation (including storages) by
increasing the availability of resources for ancillary services (also called flexibility
resources), was initiated through pilot projects in 2017, with deliberation 300/2017/eel [19].
This innovation is particularly relevant in the current context where the system is
experiencing a reduction in the number of programmable plants (especially thermoelectric)
that have historically provided ancillary services [20].

The ancillary services, related to the Italian regulation are [20]:

e Frequency control: it refers to the need to guarantee that the grid frequency is
within a specific range of the nominal frequency (50 Hz). A mismatch between
electricity generation and demand causes variations in frequency, so control services
are required to bring the frequency back to its nominal value and ensure it does not
vary out of range. Three different levels of control are present:

- Primary operating reserve: it consists in making available bandwidth
of capacity to an automatic regulation device able to modulate the
power, both increasing and decreasing, in response to a frequency
variation (in Italy, within 15 s for the half band and 30 s for the whole
band). Through this resource, it is possible to automatically correct in
real-time, for a few seconds, the instantaneous imbalances between
total production and requirements total of the entire interconnected
European electricity system. The primary reserve must be
continuously available and must be distributed within the system
electric uniformly (1.5% of the maximum power of the power plant).
It represents a fast and short-term action. This level in Italy is a duty
for the high programmable power plants (> 10 MW) and therefore,
there is no remuneration.

- Secondary operating reserve: it consists in making available
bandwidth of capacity to an automatic regulation device able to
modulate the power, both increasing and decreasing, on the basis of
the level signal received (in Italy within 200 s). The secondary
reserve, if necessary, is automatically activated on all previously
selected units and has a duration a few minutes. This level of reserve
in Italy is provided within the MSD.

- Tertiary operating reserve: it consists in making reserves available
with respect to a maximum or minimum power in the scheduling of
the enabled units or in the willingness to accept modifications to the
enabled unit scheduling for the purpose of constituting tertiary
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operating reserve. The tertiary frequency control falls within a
number of categories that differ according to the time within which it
is supplied and the duration of the supply (in Italy, the tertiary reserve
is identified as “ready” when delivered within 15 minutes with a
gradient of 50 MW/min for at least 120 minutes, the “rotating reserve”
is delivered within 15 minutes for at least 120 minutes and the
“replacement reserve” delivered within 120 minutes with a gradient
of 0.67 MW/min and without duration limits). This level is provided
within MSD.

- Balancing: it consists in the activation, in real-time and in order to
guarantee the equilibrium between demand and supply, of the
supplied tertiary operating reserve. This level is provided within
MSD.

Voltage control: consumer loads expect voltage within a certain range, and the
regulators require it be within a certain per cent of the nominal voltage. In Italy, this
control is a duty for the programmable power plants (> 10 MW). Two levels of
voltage control can be considered:

- Primary voltage control: it consists in subordinating the reactive
power production of a generation group (or groups belonging to a
plant) to an automatic regulation device able to modulate the reactive
power supplied by the generation group (or groups) on the basis of
the deviation of the voltage at the terminals of the same generation
group (or on the HV busbars of the production plant) compared to a
reference value.

- Secondary voltage control: it consists in subordinating the reactive
power production of the generation groups, belonging to the same
plant, to an automatic centralized regulation device able to modulate
the reactive power supplied by each of these groups on the basis of
the deviation of the voltage on some nodes predefined by the System
Operator (pilot nodes).

Power grid congestion management: it belongs to the ex-ante phase, with the aim
to provide changes in the scheduled services in order to make them physically
feasible. This service is provided within MSD.

Load interruptibility: it consists of the availability by end customers enabled to
interrupt the load (for example, in ltaly, within 200 ms in case of instant
interruptibility). This service is more related to large plants able to supply their loads
with their own back-up systems. The remuneration for this service is provided via
bi-lateral contracts, with pre-selected users via auctions.

Load rejection: it consists of the service provided by energy production systems
able to remain in steady operating conditions when the generation group itself is
disconnected from the grid, powering its auxiliary services. Therefore, these systems
are able to provide a fast reconnection to the grid, once that the grid problems are
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solved. This service is mainly provided as a duty by large power plants appropriately
selected in relation to their size and geographic location.

e Black start: it consists of the availability of a power generation group to participate
in the implementation of the restart plan of the electric system defined and
coordinated by the System Operator. This service in Italy is mainly provided as a
duty by Hydroelectric system and gas plant.

Another important aspect concerning the grid connection and ancillary services is the so-
called “grid Inertia”. Indeed, the power plants supplied by RES and equipped with inverter
are characterized by low inertia; therefore, in case of a particular issue in the grid, the
frequency decreases rapidly. On the other hand, with thermoelectric plants, the presence of
rotating masses guarantees intrinsically higher inertia: in this case, the frequency decreases
slower than the previous case. This aspect is described in Figure 7.
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Figure 7 Different grid Inertia for a system with or without inverter [18]

This paragraph was necessary in order to frame the aspects of distributed and innovative
generation within a regulatory framework. In the next sections, the focus will be more on
the technical and technological aspects of Distributed Generation.

1.2 Distributed Generation Technologies

Distributed Generation is an approach that uses small-scale technologies and renewable
energy sources to produce energy where it is most useful: close to the end-user. This
guarantees a reduction of costs, boosting reliability with lower environmental impact than
traditional methods of power generation. We have grown in a world where giant coal, gas,
or hydroelectric power stations generated electricity that was then distributed by a
centralised grid. While that worked well enough when demand was limited and predictable,
reliability of supply has now emerged as an issue even in many major developed economies
because of the demands that an ever-more electrified world places on the grid [21]. Energy
security is linked sometimes basically to the diversification of primary energy supplies,
while other interpretations connect energy security to the reliability of the electricity system.
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Under the first interpretation, the diversification of primary energy supplies (both
renewables and not) proper of distributed generation could certainly represent a benefit.
Considering the second interpretation, the reflections related to DG possible benefits become
more complex. As summarized in [22] IEA (in 2002) stated that distributed generation can
contribute to reducing the risks and costs of blackouts. Therefore, in this view, distributed
generation is seen as an instrument that leads to the reduction of private costs and risks for
electricity customers in case of system failures. On the other hand, CIRED (in 1999) claims
that distributed generation does not contribute to system security, but it would have a
negative effect. This negative impact on system security occurs when the share of non-
dispatchable generation capacity increases. Examples of such units are wind turbines,
photovoltaic systems and cogeneration units closely dependent to heat demand. These units
cannot be centrally controlled due to the natural variability of their power supply. As a result,
there is an increased need to regulate the (back-up) power. This aspect has been treated in
detail in the previous section, showing that issues related to the increasing share of non-
programmable units in the grid have been and are continuously faced by the Regulatory
Authority.

Many different definitions of Distributed Generation can be found, some referring to the
size, others refer to the primary energy source or to the close position to an end-users. A
clear and concise definition of DG is provided by the European Union in the Deliberation
2009/72/CE [23]: “Distributed Generation systems are electricity generating plants that are
connected to a distribution network rather than the transmission network ”. Previously, the
Italian Authority had defined and analyzed distributed generation as the set of generation
plants with a nominal capacity of less than 10 MVA, taking its bearings from certain
regulatory references such as Law no. 239/04 and considering that, historically, plants with
a capacity of less than 10 MVA have always been treated as "irrelevant” plants for the
purposes of managing the overall electricity system. Anyway, from 2012, also the Italian
Authority agreed to the DG definition provided by 2009/72/CE.

Distributed generation refers to a variety of technologies that generate electricity in
connection to the distribution grid, such as solar panels and combined heat and power.
Distributed generation may serve a single structure, such as a home or business, or it may be
part of a microgrid (a smaller grid that is also tied into the larger electricity delivery system),
such as at a major industrial facility, a military base, or a large college campus. Therefore,
DG can help support the delivery of clean, reliable power to additional customers and reduce
electricity losses along transmission and distribution lines [24].

Distributed Generation can have a positive impact on the environment when its use reduces
the amount of electricity that must be generated at centralized power plants, in turn, can also
reduce the environmental impacts of centralized generation. In detail [24]:

e Existing cost-effective distributed generation technologies can be used to generate
electricity at homes and businesses using renewable energy resources such as solar
and wind.
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Distributed generation can harness the energy that might otherwise be wasted—for
example, through a combined heat and power system.

By using local energy sources, distributed generation reduces or eliminates the “line
loss” (wasted energy) that happens during transmission and distribution in the
electricity delivery system.

On the other hand, distributed generation can also lead to possible negative environmental
impacts [24]:

Distributed generation systems require a “footprint” (they take up space), and
because they are located closer to the end-user, some distributed generation systems
might be unpleasant to the eye or cause land-use concerns.

Some distributed generation technologies, such as waste incineration, biomass
combustion, and combined heat and power, may require water for steam generation
or cooling.

Distributed energy technologies may cause some negative environmental issues at
the end of their useful life when they are replaced or removed.

Distributed generation systems that use combustion may be less efficient than
centralized power plants due to efficiencies of scale.

Distributed generation technologies that involve combustion—particularly burning
fossil fuels—can produce many of the same types of impacts as larger fossil-fuel-
fired power plants, such as air pollution. These impacts may be smaller in scale than
the impacts from a large power plant but may also be closer to populated areas.

It is worth noting that the aspects related to pollutant emissions can be mitigated, considering
the possible interconnection to a smart grid (moving from standard distribution grid to smart
ones). In this case, proper management of the different technologies interconnected to the
distribution grid could lead to higher overall efficiencies and, therefore, lower overall
emissions.

Other benefits related to the exploitation of Distributed Generation are presented in [25] :

Reduction of dependence on major power plants. This results in eliminating the need
to erect new big power generation and deferral of new capacity.

Dependence on long-distance national transmission grid reduction (releasing
transmission lines capacities). This leads to a limitation of costs related to the
installation of new transmission lines and guarantees a reduction of congestion in the
existing transmission lines.

Reduction of price volatility in energy markets.

The presence of DG units enhances or preserves the system reliability by having a
back-up generation; at the same time the flexibility for system operators increases.
Acceleration towards the innovative system, pushing on the retirement of old (and
pollutant) units.
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e Increases energy security by diversifying energy sources and reducing dependence
on complex large systems.

¢ Increases personal, business and regional self-sufficiency.

e Lower environmental impact and greenhouse gas emissions; due to the fact that a
large section of DG units is based on renewables or low emission generators

The last point gives us the cue to focus more in detail on the technologies that are employed
in DG, in order to understand which are the primary sources involved in this process and the
peculiarities related to the different technologies.

Focusing on the Italian scenario, Figure 8 highlights that, talking about Distributed
Generation penetration, it is important to distinguish if we consider the installed power or
the number of installed plants. The solar fields are characterized by their small size, mainly
local at building scale; while wind farms and hydro system are characterized by larger size
in terms of power installed, same consideration can be done for Distributed thermal plant,
mostly used as Combined Heat and Power (CHP) units. Therefore, considering the power
installed, thermal plants represent a significative portion of the distributed generation share.
Although, Figure 9 illustrates the trend of DG in the last years, where the share connected to
conventional thermal sources is decreasing with a consequent increase in the solar PV
presence.
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Figure 8 DG installed power and number of Figure 9 DG production overall trend, Italy [26]
plants per primary source, Italy [26]

As seen in Figure 8 and Figure 9, Terna categorizes the DG technologies depending on the
primary energy source used. Following this scheme, we purpose a brief description of the
technologies involved in DG as reported in Figure 10. The traditional generators are the
common thermal power plant, fuelled by Natural Gas or Diesel; while among the non-
traditional generators are included renewable devices, batteries and Fuel Cells.
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Figure 10 Distributed Generation Technologies Classifications [27]

1.2.1 Traditional generators

Traditional generators are energy systems that convert primary energy into profitable electric
and/or thermal energy via combustion. The large majority of this kind of plant is not feasible
for the small sizes related to DG, therefore steam power plants, combined cycles and large
gas turbine power systems will not be treated in this part. While the most interesting
applications for DG, considering their power size and dimensions, are Internal Combustion
Engines (ICEs) and micro Gas Turbines (mGTSs). The interest in this generators consists
mainly on their application as Combined Heat Power (CHP) units; producing simultaneously
thermal and electrical power the overall efficiency of the unit increase dramatically, making
interesting the application of these traditional generators also in a small scale, especially for
residential purpose.

1.2.1.1 Internal Combustion Engines

Internal Combustion Engines are the most technically mature technology among the DG
units [28]. ICEs are commonly known for applications in the transport sector (automotive
and maritime), but stationary engine/generator applications for power production is getting
an increase in interest. Internal combustion engines and heat recovery methods are the
cornerstones of Combined Heat and Power systems at all scales [29]. For universities,
hospitals, data centres, and municipal utilities, ICE technology is the most common way to
provide standby power in case of electric utility fail [29]. Different sizes are available (from
5kWe for small residential application up to several MW) and different fuels can be coupled
with this technology. An internal combustion engine converts fuel energy into mechanical
power. This mechanical power is used to turn a shaft in the engine, then a generator is present
to convert the rotational motion into power. Two different ignition methods are possible:

- Spark ignition: a spark is introduced into the cylinder (from a spark plug)
at the end of the compression stroke and.

- Compression ignition: where the fuel-air mixture spontaneously ignites
when the compression raises it to a high enough temperature.

Fast-burning fuels, like gasoline and natural gas, are commonly used in spark-ignition
engines, while compression ignition performs better with slow-burning fuels, like diesel. An
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internal combustion engine can operate in two main cycles: the four strokes cycle and the
two strokes cycle. Two strokes engines are lighter, simpler and less expensive to
manufacture. They have a greater power to weight ratio, but they have lower efficiency and
they require lubrication oil to be fed with fuel. Considering the reduction of emissions,
different innovative fuels (such as Methanol and Ammonia) are currently investigated in
order to mitigate pollutants especially for what concerns the maritime sector. This aspect
will be investigated in detail in the maritime section of this work.

1.2.1.2 Micro Gas Turbines

Microturbines are energy generators with a power size from 15 to 300 kW. The most
effective fuel to minimize emissions is clearly Natural Gas. Natural gas is also the fuel choice
for small businesses from where derives the commonly used name micro Gas Turbine
(mGT). Usually, the natural gas requires compression to the ambient pressure at the
compressor inlet of the microturbine. The compressor outlet pressure is nominally three to
four atmospheres mainly working with natural gas. The basic principle is based on open
cycle gas turbines, but they present several typical features, such as: variable speed, high-
speed operation, compact size, simple operability, easy installation, low maintenance, air
bearings, low NOx emissions and usually a recuperator that increase overall system
performances [30]. First applications of microturbines are related to the automotive sector
between 1950 and 1970, but the use of this equipment in the energy market increased
between 1980 and 1990 when the demand for DG started to increase [30].

The main characteristics related to mGTs are:

. Variable rotation: the turbine rotates with a speed that varies between 30’000 and
1207000 rpm depending on the manufacturer;
. High-frequency electric alternator: the generator operates with a converter for

AC/DC. In addition, the alternator itself is the engine starter;

. Reliability: some microturbines have already reached 30’000 hours of operation
including shutdown and maintenance. Although, the expected lifetime for an
mGT is around 10 years;

. Simplicity: the generator is placed in the same turbine shaft being relatively easy
to be manufactured and maintained. Moreover, it presents great potential for
inexpensive and large-scale manufacturing;

. Compact: easy installation and maintenance;
. High noise levels: to reduce noise levels during operation, microturbines require

a specific acoustic system. This problem is specifically relevant in case of
residential applications;

. Air-cooled bearings: the use of air bearings avoid lubricants contamination by
combustion products, prolongs the equipment useful life and reduces
maintenance costs;

. Efficiency: microturbine manufacturers generally use heat recovery of exhaust
gas to heat the air intake of the combustion chamber, thus achieving a thermal
efficiency of 30%.
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Some microturbines can operate with different fuels, other the cited Natural Gas. Thanks to
the digital control software, implemented inside these machines, it is possible to work with
different fuels without significant changes to the hardware. mGTs, like any other power
generation units, produce large amounts of heat in the process of converting fuel into
electricity. In average, more than two-thirds of the energy content of the input fuel is
converted into heat. Conventional power plants discard this waste heat, however, distributed
generation technologies, due to their load-appropriate size and sitting, enable this heat to be
recovered [30]. CHP plants produce heat and electricity at or near the load side with an
overall efficiency up to 85% and operating costs lower than other applications. The hot
exhaust gas from mGTs is produced at a reliable temperature for cogeneration applications.
The recovered heat is generally used for hot water heating (mainly residential) or low-
pressure steam applications. Figure 11 shows the scheme of a microturbine system: the
recuperator acts as a pre-heater in order to minimize the fuel combustion, increasing the
overall system efficiency. A water-gas heat exchanger is installed in CHP configuration, in
order to absorb heat from the exhaust gases.
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Figure 11 Microturbine scheme [31]

1.2.2 Non - Traditional generators

Innovative generation units are getting more and more relevance due to their potential in the
increasing of energy savings and pollutant emissions. These technologies are generally
characterized by their high efficiency and very low pollutant emissions. The size of non-
traditional generators is commonly quite small, therefore they fit perfectly with DG
applications. Innovative generation units can be classified depending on the primary energy
source; renewables are certainly the large majority of these technologies, but a relevant role
is represented also by Fuel Cells and Batteries.

1.2.2.1 Renewables

Among renewables, the main technologies employed in DG are bases on solar and wind.
Especially solar power fits perfectly with the small scale required for DG; while wind power
generation is basically at large scale and therefore connected to the transmission lines, but
several applications of small wind generators are already installed.
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Wind turbine technology: Wind energy, in the past, has been commonly used for
practical purposes in the agricultural field (windmill). Nowadays, large and modern
wind turbines operate together in wind farms to produce electricity. Small turbines
are used at the residential level to help meet localized energy needs. Currently, the
largest market share is represented by horizontal-axis, medium to large size grid-
connected wind turbines (capacity greater than 100kWe) and it is expected, also,
that this technology will dominate the development in the near future [28]. The
design of the aerodynamic rotor diameters strictly depends on the installation
environment, with the aim of maximizing the yearly energy harvest. On high-wind
speed sites, usually smaller rotor diameters are used with an aerodynamic profile
that will reach the maximum efficiency between 14-16 m/s. For low-wind sites,
larger rotors will be used but with an aerodynamic profile that will reach the
maximum efficiency already between 12-14 m/s. Capital and maintenance costs
represent a non-negligible aspect for wind applications Currently, three-bladed
wind turbines dominate the market for grid-connected, horizontal-axis wind
turbines [28]. The benefits of three-bladed wind turbines are the easy handle of rotor
inertia and the ‘‘better’” visual aesthetics, with a lower noise level than two-bladed
wind turbines. Both aspects are important considerations for wind turbine
utilization in highly populated areas. Furthermore, three-bladed wind turbines are
suitable for a wider range of wind velocity and lead to higher efficiency and balance.
Two-bladed wind turbines, on the other hand, have the advantage that the tower top
weight is lighter and, therefore, the whole supporting structure can be built lighter,
with lower costs. Currently, most wind turbine manufacturers, are working on
larger wind turbines, in the multi-megawatt range [28].

Solar technologies: this kind of technologies can be used for both thermal (Solar
thermal panels) and electricity production (Photovoltaic panels). Therefore, their
use can be considered for DG of electricity and also local thermal production (with
the chance of a connection to District Heating Networks). In this introduction, we
will focus more on PV, while the thermal distributed production will be analysed
more in detail in a dedicated section. The solar electric production by photovoltaic
cells represents one of the most promising options for a sustainability energy
provision compliant with the world’s future energy requirements [28]. In the past,
PV panels have been based on the silicon wafers also used in microelectronics,
currently, the transition towards the second generation of thin-film technology is
leading to lower costs. At the same time, the residential rooftop application of
photovoltaics had a continuous increase, providing the market growth needed for
price reduction [28]. These cost reduction, thanks to the both cited aspects, led to
a strong decrease of PV panels prices towards a competitive price level for
electricity production also on a large scale, as reported in Figure 12.
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Figure 12 Electricity cost by source [32]

1.2.2.2 Fuel Cells

A Fuel Cell (FC) is an energy conversion device that produces electricity and heat via
electrochemical process combining a gaseous fuel (hydrogen-based) and an oxidant gas
(oxygen from the air) through electrodes and across an ion-conducting electrolyte, water is
the only exhaust. The principal characteristic of a fuel cell is its ability to convert chemical
energy directly to electrical energy, without any combustion. Therefore, the overall
conversion efficiency is significantly higher (close to 50%) than any conventional
thermomechanical system. One of the main benefits of FC is their almost zero-noise
behaviour since there are no moving parts. Auxiliary components are required to generate
electrical power with a fuel cell stack. These components are usually referred to as the
balance of plant (BoP). One class of BoP components is used to supply fuel and oxidant to
the stack (e.g. pumps, blowers and compressors). High-temperature fuel cells are often
equipped with burners to heat the system up during start-up. Although high-temperature fuel
cells are usually cooled with cathode air, the temperature gradients in low-temperature fuel
cells are too small to achieve sufficient cooling in this way. Therefore, for these units, a
separate cooling system is needed [33]. Since fuel cells generate DC power with variable
voltage and current, power conditioning equipment, such as DC/AC inverters, is used to
generate electricity at grid voltage and frequency. The cited BoP components are the only
responsible for the noise related to fuel cells applications. Fuel cells offer several technical
advantages, such as modularity, good partial load characteristics and dynamic response. On
the other hand, it is worth notice that one of the main reasons that are slowing down FC
applications is their high costs. The other main limiting aspect is linked to Hydrogen use that
is costly (H2 production and delivery costs) and requires delicate management (high-pressure
tanks or cryogenic storages). The US Department of Energy (DOE) has published a market
report in 2016, whose results are shown in Figure 13.
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Figure 13 Evolution of fuel cell installed power in terms of applications (left) and type (right) [34]

A significant increase in installed power by fuel cells is occurring in these years, mainly in
the transportation sector. This increase is mainly related to the great exploitation of PEMFCs
in the transport sector. Although, a variety of fuel cell types with distinct characteristics is
currently present in the market. The most relevant are the Low and High-Temperature
Polymer Electrolyte Membrane Fuel Cell (LT/HT-PEMFC), Phosphoric Acid Fuel Cell
(PAFC), Molten Carbonate Fuel Cell (MCFC) and Solid Oxide Fuel Cell (SOFC).
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Figure 14 Different Fuel Cell types, operational scheme [35]

e PEMEC: this fuel cell uses as electrolyte a polymeric membrane with high proton
conductivity and operates in a temperature range between 70 and 100 °C; they are
mainly developed for traction and small generation/cogeneration (1-250 kW) [35]
They can be divided in Low-Temperature PEMFC (LT-PEMFC) and High-
Temperature PEMFC (HT-PEMFC). The LT-PEMFC has known rapid
development in the last decades and achieved high power densities and good
transient performance. Its membrane consists of a proton-conducting wetted
polymer (commonly Nafion). The need for a wet membrane, while the gas-diffusion
pores have to remain dry, dictates an operational temperature of 65 and 85 °C, in
order to do not vaporize the water. Considering the relatively low-temperature
range, the use of platinum is required to catalyse the electrochemical reaction [33].
Another important disadvantage of the low operating temperature is the limited
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tolerance to fuel impurities. In particular, carbon monoxide (CO) deactivates the
catalyst, because of its strong surface adsorption at low temperatures. A membrane
that combines a polymer electrolyte with a phosphoric acid has been developed in
order to operate in a higher temperature region (over 100 °C). These PEMFC are
known as High-Temperature PEMFC (HT-PEMFC). In this configuration,
platinum can be replaced with cheaper catalysts, such as nickel, in the high-
temperature fuel cell classes. Furthermore, the sensitivity to fuel impurities has
strongly decreased. Another advantage is the opportunity to use high-temperature
waste heat and steam, for example in a bottoming cycle or for fuel processing. On
the other hand, the main drawback of this solution is related to their slow dynamics
and low durability [36], not really performant in case of transport applications.
PAEC: the membrane of Phosphoric Acid Fuel Cell consists of a silicon carbide
matrix saturated with liquid phosphoric acid; working in a temperature range
between 140 to 200 °C, the required platinum loading decreases, while the CO
tolerance increases. The low power density and durability issues have so far limited
the commercial success of the PAFC [33].

MCFC: Molten Carbonate Fuel Cell uses as electrolyte a solution of alkaline
carbonates melted at the operating temperature of the cell (650-700°C) and
contained in a porous ceramic matrix; they are mainly suitable for the generation of
electricity and cogeneration from few hundred kW to several MW. This technology
represents a relatively mature solution among high-temperature fuel cell. Indeed,
MCFCs are commercially available but still struggle with high cost, limited lifetime
and low power density (particularly an issue for transport applications) [33].
SOFC: Solid Oxide Fuel Cells operate at very high temperature (about 900-1000
°C) to guarantee a sufficient conductivity to the electrolyte, made of ceramic
material (zirconium oxide doped with yttrium oxide). These cells are particularly
promising for electricity generation and cogeneration from a few kW to several
MW. The lower temperature classes are mainly applied in stand-alone fuel cell
products, with electrical efficiencies up to 60% [33], while the high-temperature
SOFCs are designed for combined operation with gas turbines, where efficiencies
over 70% are projected [33]. Their high operating temperature allows the internal
reforming of fuels, eliminating the need for an external reforming unit and allowing
the units to be used with a certain variety of fuels, mostly Natural Gas. They are
also relatively resistant to small amounts of sulphur in the fuel, when compared to
other types of fuel cells, and can therefore be used with hard coal gas. An additional
advantage due to the high operating temperature is that the reaction kinetics is
improved, eliminating the need for a catalyst. Although SOFC represents a
promising solution, their current limited development state is mainly related to their
mechanical vulnerability (ceramic material is particularly sensitive to vibrations)
and high costs. Furthermore, there are some disadvantages related to their high
temperatures: these cells require more time to be heated up to their operating
temperature, it is also necessary to build this technology with robust and heat-
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resistant materials and must be shielded to prevent heat loss (especially during start-
up).
Table 1 summarizes the main peculiarities of the mentioned Fuel Cells technologies

Table 1 Main Fuel Cells characteristic [33]

Temperature Poisonous Internal .-
Fuel Cell T Fuel . Eff
uel Cell Type range [°C] ue substances reforming elency

LT-PEMFC 65-85 Ha S, CO>10 ppm No 40-60 % with Hz
HT-PEMFC .

! - 0, - 0,
PAFC 140-200 Ha S, CO>3% No 40-60 % with Hz
MCFC 650-700 Hz, CO S Yes 40-55 % with NG
SOFC 500-1000 Hz, CO S Yes 45-60% with NG

1.2.2.3 Storages

Energy storage systems are considered enabling technologies for different DG
functionalities such as active management of network assets, network flexibility, improve
power quality, self-healing, and resiliency. In addition, energy storage systems are essential
components for integrating the non-dispatchable renewable energy resources. Other
applications for energy storage systems include micro-grids and electrification of remote
areas, in which energy storage systems are used to minimize dependence on the main grid
supply. Energy Storage Systems (ESS) can be classified depending on the energy form they
are using in the storage process. There are five main categories, as reported in Figure 15.

Electrochemical

Supercapacitor Cogi?grtliggal Sensible Heat
= SMES | Flow Batteries Latent Heat
—| Thermochemical
Mechanical

— LAES — Power-to-Gas

— CAES

| Flywheels

1 Pumped Hydro

Figure 15 Energy storages categories [37]
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The main used technologies in DG scenario are electrochemical storages and thermal
storages. The presence of storages gives to the system manager one degree of freedom more
to perform the optimized management of the generation units. In the case of CHP units, as
an example, the presence of a storage guarantees to decouple electrical and thermal demands.
Therefore, it is possible to manage the system tracking one demand or the other considering
economic and/or environmental aspects. Usually, in this case, thermal storage (more
economic) is preferable.

On the other hand, the use of electrochemical energy storages is getting more and more
interesting considering the electric vehicle increasing share (Figure 16). The presence of
these units in connection to the distribution grids is expected to have a huge impact on the
grids and environment. Batteries contain a number of heavy metals and toxic chemicals. The
disposing of them by the same process as regular household waste has raised concerns over
soil contamination and water pollution. The Basel Convention on the Control of Trans-
boundary Movements of Hazardous Wastes and their Disposal is the most comprehensive
global environmental agreement on hazardous and other wastes. The Convention includes
172 Parties and aims to protect human health and the environment against the adverse effects
resulting from the generation, management, transboundary movements and disposal of
hazardous and other wastes, including batteries. Battery recycling aims to reduce the number
of batteries being disposed of as municipal solid waste. Recycling plants in Europe have to
comply with Directive 2006/66/EC, which requires a minimum recycling quota of 50%.
From an economic point of view, the main drivers for recycling are cobalt (31,440 US$/t,
99.8%) and nickel (15,914 US$/t, 99.8%), followed by copper (6451 US$/t, grade A, LME)
and lithium (6439 US$/t lithium carbonate, average prices June 2014-May 2015) [38].
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Figure 16 Electric Vehicles selling projection [39]
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In this introduction, we have described the current and the foreseen energy scenario. In this
context, where renewables will have an increasing role, the Distributed Generation approach
looks like a necessity considering the currently available size for these systems. Furthermore,
the trend towards wider use of DG shows an interesting potential with many benefits, such
as size optimization and waste reduction. It is also worth notice that some critical aspects
related to the management of the electrical grids have to be considered and properly managed
in order to guarantee a reliable and safe massive introduction of these technologies in the
energy market. Therefore, moving to the DG paradigm, the available fuelled technologies
for Distributed Generation are reported in Figure 17 in comparison with standard centralized
plants.
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Figure 17 Generation units efficiency, comparison between DG technologies and centralized ones [35]

Among DG technologies, the most promising in terms of energy efficiency are the Fuel Cells
that still present drawbacks in terms of costs and life cycle. Most mature technologies such
as Internal Combustion Engines and micro Gas Turbine, represents a good compromise
solution since that, accepting their lower efficiencies, are very competitive in terms of cost
and system management.
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Figure 18 Energy consumption by sector in EU-28[40]

As reported in Figure 18, referring to Eurostat and IEA [41], the main energy consumptions
in Europe are related to building and transport sectors. Therefore, the study presented in the
next chapters of this thesis is focused on the development of the distributed generation
approach in these two energy sectors. The use of micro Gas Turbines is studied in residential
and transport sectors with the aim of evaluating their viability considering the different
constrains set by the two sectors. In detail, the household application is related to the
development of an energy hub in interaction with a poli-generation Smart Grid. In this case
study the author has developed the design of the system (necessary for the proper selection
of all the necessary components) and the management strategies with the aim of guaranteeing
efficient and economic operations. For what concerns the transport application, the author
has focused on the maritime sector, in particular the application of a DG approach onboard
cruise ships. This has been possible via evaluating the most suitable technologies for this
application considering the limitations in terms of weights and volumes when facing this
kind of applications.
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2 A residential case study: ENVISION

To mitigate the impact on climate change, related to residential energy consumptions,
Europe sets the goal of an energy-neutral built environment in 2050 [42]. In order to meet
this foreseen ambitious target, the building surfaces for solar energy harvesting should be
maximized. Application of photovoltaic solar panels and/or collectors has increased
considerably in recent years, but are mainly applied on roofs due to aesthetics, practical
reasons and price. Efficient management of solar radiation on buildings could provide an
enormous potential, considering that in EU28 a total of 60 billion m? of fagade surfaces
exists, and the current usage of solar radiation on opaque surfaces is still minimal. Including
roof surfaces, the overall potential surfaces for solar energy harvesting could reach a total of
120 billion m? [43].

ION

Figure 19 ENVISION logo

In this context ENVISION H2020 Project focuses on energy harvesting of the facade and
works by absorbing an invisible part of the solar radiation (the near-infrared (NIR) part)
allowing visible aspects to be retained. The harvesting of solar energy will be achieved via
different “ENVISION technologies:

e Heat collecting non-transparent aesthetically pleasing facade elements by harvesting
the NIR solar radiation;

e Heat harvesting ventilated glass by harvesting the NIR solar radiation,

e Electricity harvesting photovoltaic glazing solutions.

The interesting potential of these technologies is also linked to the foreseen need for a major
renovation in the upcoming period, considering that approximately 85% of existing
dwellings were built before 1990 with poor insulation (R < 1.6 m2K/W) [43]. To improve
energy performance, a need exists for energy harvesting envelopes that separate the indoor
from outdoor. ENVISION technologies increase the competitiveness and the needed
renovation speed via simple and flexible solutions, thanks also to the different contribution
of the partners involved in the consortium.
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Figure 20 ENVISION Consortium [43]

The aim of ENVISION is to develop and test the cited technologies with the aim of reaching
a Technology Readiness Level (TRL) of 7 or 8. To do that, different demosites ware
developed to test different technologies in a different environment and at a different scale.

Northern Demosite: Vestia and BAM will apply the new technologies in the renovation of
an apartment building. Apartment buildings or flats have large challenges as the amount of
energy usage by the inhabitants is high, compared to the surfaces that can be used for energy
harvesting. Achieving Near Zero Energy flats is a major challenge, especially considering
the high number of flats that need renovation. To achieve a fast and simple implementation,
the module can be replaced easily allowing upgrading by renewing the key elements, such
as glass, collector, coating. Easy connection to the heating system should be taken care of.

Southern Demosite: The first one will be installed at the Savona Campus, one of the venues
of the University of Genoa. In this demosite a single-detached house will be equipped with
ENVISION technologies to investigate their coupling with the local smart electrical grid and
a District Heating Network (DHN).

University of Genoa is responsible for the Southern Demo, therefore the focus of the
presented work will be on this demosite, starting from the design, the control algorithm
definition and the preliminary tests.

2.1 Southern Demo Description

As mentioned before, the ENVISION Southern Demo is responsible for testing some of the
ENVISION technologies at District Level, evaluating their performances in interaction with
a poly-generation smart grid. This is possible thanks to the installation of the system in the
Savona Campus, where a Smart Polygeneration Micro (SPM) grid is present (Figure 21).
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Figure 21 Savona Smart-Polygeneration micro-Grid [44]

The SPM installed in Savona includes several commercial CHP units, traditional prime
movers and renewable generators, as it follows:

. 2X mGT Turbec T100 (100 kWe,165 kWth each);

. 1x mGT Capstone C30 (30 kWe, 49 kWth);

. 2x mGT Capstone C65 (65 kWe,112 kWth each);

. 1x ICE TANDEM T20 (20 kWe, 44 kWth);

. Photovoltaic roof, about 400m2 (peak power 77 kWe);
J 3x CSP dish Stirling units (1 kWe, 3 kWth each);

. 2x Natural gas boilers (500 kWth each);

. 4x Storage tanks for hot water (total volume: 12000 I).

The layout of the DHN, including the modification needed for ENVISION project, is
presented in Figure 22.
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With ENVISION project new technologies will be added and connected to the SPM. The
dedicated area for the installation of “ENVISION technologies” is the one highlighted in
Figure 23 that has easy access to the DHN pipelines.
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Figure 23 Savona Campus map

A detailed view of the ENVISION area is presented in Figure 24, Figure 25, Figure 26, and
Figure 27 where it gets clear the need of renovation for the buildings in order to guarantee a
safe and proper testing environment for the project.



Figure 26 ENVISION Area initial status C

Figure 27 ENVISION Area initial status D

The management of Savona Campus is responsible for the renovation of this area. A
rendering representing the status of the ENVISION area after renovation is reported in

Figure 28 and Figure 29.
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Figure 29 After

After this brief description of the environment where the ENVISION Southern Demo will
take place, the next section will be focused on the technologies that are studied and

implemented at Savona Campus.
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2.1.1 System layout and technologies implemented

The aim of this demosite is to test technologies at district level thanks to the presence of
SPM; therefore, a cogenerative system, producing both thermal and electrical energy is
installed. The system layout is presented in Figure 30.
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Figure 30 ENVISION system layout

The system consists of the use of several solar facade panels that are interconnected to a
Heat Pump (HP). The presence of the HP is needed in order for coupling the temperatures
provided by the panels (max 45°C), with the one required by the DHN (75-80 °C).
Furthermore, to mitigate the fluctuations due to the variability of solar radiation,
intermediate Inertial storage is installed. Considering the electric consumption related to the
HP and the need to provide both thermal and electrical power to the SPM, a micro Gas
Turbine in CHP configuration is installed with the aim to supply thermal power to the DHN
and electrical power both to HP and the grid. As mentioned in the introduction, the presence
of storage is fundamental in the management of CHP units, guaranteeing more independency
between thermal and electrical demand tracking. This ENVISION-hub is then connected to
the DHN of Savona Campus. Although, in order to be able to test different scenarios and
environment, a connection to the thermal dissipators installed in Savona Campus is
considered, giving flexibility to the experimental campaign.

In the following sections, a detailed description of the mentioned technology is provided.

2.1.1.1 Solar Facade Panels

The product developed in this project is a flexible solution for facade cladding with optional
an integrated and invisible solar collector function. For the fagade cladding, different colours
can be chosen, giving to the designer or architect design freedom. The cladding can be used
in combination with the different fagade function such as door and window frames, parts of
stone strip facade and other fagade cladding materials. The collector function is integrated
into the cladding and therefore “invisible”. It is then possible to select the parts surface area
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of the facade that is activated to harvest the solar energy with the collector function. The
heat from the facade collector function can be used for domestic hot water preparation or as
a source for a heat pump, as applied in Savona Campus. An example of thermal solar
collectors mounted on the fagades of buildings is demonstrated below. On the left, a standard
1960s residential building is shown, while on the right is reported the same building
renovated with the thermal solar collectors on the facade.

Thermal Solar

Figure 31: 1960s residential building Figure 32: Renovated 1960s residential building

A more detailed 3D model of a prototype using the thermal solar collectors on a facade is
presented in the next two pictures.

Harvesting panels
Vertical profiles
Horizontal battens
Vertical Battens
Foil (Vapor open)
Insulation

Foil

0SB

Plasterboard

Figure 33: 3D model of demo facade Figure 34: Intersection of the demo fagade

To transport heat from the collector to the heat pump, buffer or the domestic hot water
preparation, a fluid flows through pipes on the back of the panel. This fluid will absorb the
heat. To connect the pipes on the collector plate, a heat-conducting metal is used, which is
structurally bonded with a specially developed adhesive applied using high pressure. Thanks
to this process, the pipes are completely enclosed (360°). This larger area of contact results
in a significantly improved heat transfer and thus optimum efficiency. Simultaneously, the
corrosion resistance is increased.
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Figure 37: Section view of pipe on panel

Considering their installation on surfaces, like fagades, that are mostly not perpendicular to
solar radiation, the need to optimize the absorption on a larger wavelength (including NIR)
gets fundamental. The basic principle to optimize heat absorbance in light coloured coatings,
carried out in dedicated activities among the project, concluded that the NIR absorbance of
especially light coatings can be increased using nanometer-sized antimony tin oxide (ATO)
particles in conjunction with titanium dioxide (TiO2). However, the addition of ATO
particles is not an ideal solution because it also leads to a decrease in the lightness of the
coating. That is, ATO not only absorbs the invisible NIR waves, it also absorbs some of the
visible light. For small quantities of added ATO, the drop in the lightness of the coating is
small compared to the gain in (especially NIR) absorbance. But when larger amounts of
ATO are added, the impact on the colour is becoming so big that pigments that are normally
used in coatings (such as carbon black) can also be used to improve the NIR absorbance in
a similar way. The different formulated colours, during the test performed by AzkoNobel,
have shown to absorb more than 70% of the solar energy. The exceptions are (near) white
colours, that are limited by a theoretical upper limit of 50% absorption.

The facade cladding has a mounting system that consists of an axis on the facade that falls
in a slot in the collector panel. This way, the mounting of the panels will be easy and quick.
When the panels are in place, they will be fixated using an L-profile with screws (Figure
38).
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Figure 39: Mounting system SolarBEAT

The panels will be installed in Savona Campus, with the aim of maximizing the available
surface. At this scope, the different available buildings in the ENVISION Area have been
analysed. Considering the dimensions of the three available buildings, as reported in Figure
40 and Figure 41.

Figure 41 ENVISION Area buildings dimensions, NW view
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The available surface calculated for the panels is presented in Table 2, where it is possible
to conclude that the most promising building for panels installation is the Building 1, with a
maximum available surface of 96 m2. The choice of Building 1 has been performed
considering that it is the most exposed building; furthermore Building 2 does not have the
permit for being completely enclosed.

Table 2 Total Available surface for ENVISION panels installation

Total Available surface for facade panels installation

Building 1 Building 2
Length SE [m] 4.2 | Length [m] 5.9 | Length NW [m] 6
Length NW [m] 5 | Width [m] 6.6 | Height NW[m] 1.5
Width [m] 12.8 | Height [m] 5
Height [m] 2.8
Height NW [m] 2.5
Tot Surface [m2] 95.94 | Tot Surface [m2] 125 | Tot Surface [m2] 9

Referring to the preliminary evaluation of the performances of the panels provided by the
ENVISION consortium partners, it is estimated an overall maximum thermal power of 20-
30 kWth in relation to the available solar field.

2.1.1.2 Heat Pump

The heat pump will be applied in order to provide heat at the temperature required by the
DHN (75°- 80°C). As a brief reminder, Figure 42 reports the working principle of a Heat
Pump (HP). The low-temperature heat source, in the ENVISION case represented by the
heat produced by the panels, is used to evaporate the working fluid. Then, with an external
work input (mainly electric), the working fluid is compressed in order to reach higher
temperatures. The user thermal load is supplied through a heat exchanger where the working
fluid release heat to the sink. An expansion valve is used to close the cycle through an iso-
enthalpic expansion.

Heat out

1

Critical pressure

Liquid Superheated vapour Liquid Heat out
- 1 -
3 Condenser 2 ~ 3 C(:;"-:ju‘w.;lhnn 2
\ o
S | -. g
{ Expansion valve Compressor Work - 2 ; &
d y input % | Satration/ Gy 48 ﬁ'--
o -~ = Work in
N = | curve ® 2 input
1 a = s
4 - w Evaporation S
Evaporator 2 > p
> { > l Vapour
Liquid and vapourt Dry superheated vapour Heat in
Heat in Enthalpy (H)

Figure 42 Heat Pump operational scheme and PH Diagram [45]
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A preliminary dimensioning of the Heat Pump has been done in order to perform detailed
and precise market research. The design has been developed by using an iterative process
based on the following equations.

Qcona = Mpz0 * Coppazo * AT cona (1)
Qcond

= 2

Qeva = Qcona — Per (3)

The water mass flow rate is guessed in order to calculate the heat in output (Qcond) that, once
that is fixed the Coefficient Of Performance (COP), makes equal the heat absorbed by the
HP evaporator (Qeva) With the one produced by the thermal panels.

To thermal
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Figure 43 ENVISION Heat pump Scheme

Considering the hypothesis summarized in Figure 43, the resulting preliminary
dimensioning for the Heat Pump is reported in Table 3.

Table 3 ENVISION HP Dimensioning

ENVISION HP

H20_Massflow_? [kg/s] 0.38
COoP 3.5
Q_cond [kW] 31.51
P_el [kW] 9.00
Q_eva[kW] 22.51
error (Q_eva-Q_Panels) 0.0254%

Basing on these results, it has been performed market research investigating possible
suppliers. Since the relatively small size of the required technology and the high-temperature
gap between condenser-evaporator, it has not been possible to find standard products on the
market. Therefore, a custom HP model has been needed and proposed by ENEREN
(http://eneren.it/), ENEREN EKWO050K.
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Figure 44 ENEREN Heat Pump Dimensions

The technical specifications provided by the supplier are reported in the following Tables.

Table 4 HP Performances, Scenario A

Heating@50/75°C;20/15°C;100%;

Heating capacity 27.3 kw
Heating capacity [UNI14511] 27.3 kw
Water Flow user side 957 I/h
Water Pressure drops user side <5 kPa
Water Flow source side 3067 I/h
Water Pressure drops source side <5 kPa
Total Power input 10.0 kw
Total Power input [UNI14511] 10.0 kw
Total Absorbed Current 16.1 A

cop 2.73

COP [UNI14511] 2.72

SCOP High Temperature 4.20

ERP Efficiency High Temperature 163.00

ERP Efficiency Class High Temperature ~ A+++/ H.T. Heat Pump
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Table 5 HP Performances, Scenario B

Heating@50/75°C;40/35°C;100%;
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Heating capacity 46.3 kw
Heating capacity [UNI14511] 46.3 kw
Water Flow user side 1622 I/h
Water Pressure drops user side <5 kPa
Water Flow source side 6391 I/h
Water Pressure drops source side 16 kPa
Total Power input 10.0 kw
Total Power input [UNI14511] 10.0 kw
Total Absorbed Current 16.1 A
cop 4.65
COP [UNI14511] 461
SCOP High Temperature 4.20
ERP Efficiency High Temperature 163.00
ERP Efficiency Class High Temperature  A+++/ H.T. Heat Pump
Table 6 HP Performances, Scenario C
Heating@50/75°C;30/25°C;100%;
Heating capacity 36.5 kw
Heating capacity [UNI14511] 36.5 kw
Water Flow user side 1280 I/h
Water Pressure drops user side <5 kPa
Water Flow source side 4661 I/h
Water Pressure drops source side 9 kPa
Total Power input 10.0 kw
Total Power input [UNI14511] 10.0 kw
Total Absorbed Current 16.1 A
cop 3.62
COP [UNI14511] 3.61
SCOP High Temperature 4.20
ERP Efficiency High Temperature 163.00
ERP Efficiency Class High Temperature  A+++/ H.T. Heat Pump
Table 7 ENVISION HP main characteristics
HP Main Characteristics
Maximum absorbed current (FLA) [without options] 21 A
Start-up current (LRA) [without options] 118 A
Sound power level Lw (base unit) 74 db(A)
Sound pressure level Lp (base unit) @ 10 m EN3744 43 db(A)


mailto:Heating@50/75°C;40/35°C;100%25;
mailto:Heating@50/75°C;30/25°C;100%25;

Sound power level Lw (Low noise unit) 70 db(A)

Compressors/Circuits 1/1
Power Supply 400/3+N /50
Refrigerant R134a
GWP 1430

) POE RL32-
Oil Type 3MAF
Oil Volume 34 I
Dimensions [LxDxH] 804x607x1462 mm
Weight without options 296 kg

2.1.1.3 Micro Gas Turbine

The presence of a micro Gas Turbine, in the context of ENVISION Project, is fundamental
to provide electric power to both HP and the SPM. Furthermore, in relation to an increased
need for thermal production by the Savona Campus management, supplementary heat
production will be provided by the installed mGT.

The chosen size of the mGT consists of nominal electrical power of 100 kW and thermal
power higher than 150 kW. In order to meet the ENVISION and installation site
requirements, some specifications have been performed in advance of market research,
resumed in the following lines.

The cogeneration system must be powered by methane gas at a pressure of about 60 mbar,
it must therefore be equipped with an internal compressor integrated into the package. The
thermal energy must be made available in the form of hot water, recovering the heat from
the exhaust gases of the microturbine, at a temperature at least above 75°C. A nominal
electrical efficiency of at least 29% and an overall efficiency of at least 80% is required.
Considering the space available in the installation area, a service area of no more than 20 m?
and a physically occupied area of no more than 3.5 m? with a maximum height of 2.5 m is
required. Limited NOx and CO emissions are required with a limit of 15 ppmv. In relation
to the residential environment, the noise level has to be compliant with a maximum
permissible sound power level of 90 dBA measured according to ISO 9614-2:1996.
The mGT will be installed in a room closed on two sides by a grating and with air intakes
on the wall as reported in Figure 45.
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Considering the room dedicated to the installation, the microturbine can be equipped for
outdoor installation, with supply air intake directly from the room. In order to perform
optimized management of the ENVISION energy-hub, the system must be able to be
controlled remotely and must be able to operate in parallel with the electrical network. The
partial load operation is an important aspect, therefore, a technical minimum not exceeding

Figure 45 mGT installation building

50% of the nominal power is required.

The draw of the mGT system that will be installed in Savona is reported in Figure 46 and

Figure 47.

14 13 12 11

Figure 46 mGT draw
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Figure 47 Operational scheme of considered mGT
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Figure 48 ENVISION mGT drawing

The main characteristics of the selected mGT unit are reported in the following Tables.

Table 8 Air intake characteristics

Air intake characteristics

Air Inlet Temperature from -10°Cto 40 °C
Max air humidity < 100%, without condensing
Air particle, max dimensions 1um

Max Air flow at 15 °C (process+cooling) 1.69 kg/s (1.38 m3/s)
Nominal air flow (process) 0.78 kg/s

Max air flow (process) 0.80 kg/s

Max pressure losses in inlet air duct (new prefilter) <180 Pa
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Max pressure losses in inlet air duct (used prefilter) <320Pa
Max temperature air flow 80 °C
Nominal temperature of exhaust gases 270 °C
Max temperature of exhaust gases 325°C
Nominal exhaust gases flow 0.80 kg/s
Max exhaust gases flow 0.87 kg/s
Max pressure drop in outlet duct 250 Pa
Table 9 Heat recovery unit characteristics
Heat recovery unit characteristics
Water side
pH 6.5+ 8.0
Max water pressure 1.6 MPa (g)
Max water flow 41/s
Min inlet water temperature 0°C
Max inlet water temperature 150 °C
Water volume 251
Exhaust side
Max exhaust gases temperature 325°C
Table 10 Gas specifications
Gas specifications
Fuel Natural Gas
Pressure min/max 25 + 100 mbar (g)
Temperature min/max 0+50°C
Wobbe Index min/max 43 + 55 MJ/Nm3
Max H20 content 150 ppmv
Max H2S content 5 mg/Nm3

Table 11 mGT Electrical characteristics

Electrical characteristics

Nominal Voltage

Phases

Nominal frequency

Admissible frequency variations
Synchronization

Admissible voltage variations
Nominale Power

Nominal current
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400 VAC Tri-phase
3
50 Hz
-1.5
Automatic
-1.5
100 kW, 120 KVA
144 A rms 100 kW, 400 V, cosdp=1
178 A rms 100 kW, 400 V, cos$=0,81



Max current 203 A rms 100 kW, 340V, cosf=0,83
Start-up current 25 A rms peak
Start-up power 15 kW peak

2.1.1.4 Thermal Storages

The Thermal Energy Storages (TES) installed are common water inertial storages. Their
working principle is to keep constant the liquid volume, varying the energy stored in terms
of liquid temperature. A temperature stratification occurs inside the storage.

TES is a system component used to store the thermal energy produced in excess by a
generator and to return it to the user at any time it is required. They, therefore, allow to
balance the energy demand and to deal with peak demands, in order to allow easier
management of thermal generation. The simplest way to accumulate thermal energy is the
heating (or cooling) of a solid or liquid body, rarely of a gas. The storage capacity of thermal
energy by material or substance is expressed by its specific heat; in case the substance used
to store heat is affected by a phase shift the storage capacity increases due to the contribution
given by the latent heat. The most common substance used to store heat energy is water in
the liquid state, while combinations of sodium nitrate and potassium nitrate are used in phase
shift systems. Depending on the temperature reached by the fluid, storage systems can be
divided into low, medium or high-temperature storage. The former does not exceed a
temperature of 100°C and generally use water in the liquid state. Medium-temperature
storage systems, up to 500°C, make use of molten salts and are used in solar power plants
providing a reserve of energy to compensate for variations in the intensity of solar radiation.
The high-temperature storage tanks, up to 1300°C, use ceramic material as a storage medium
and are designed for specialized applications particularly related to the iron and steel
industry. As concerns low-temperature storage tanks, they are generally steel tanks with
insulating coating; in order to exploit as much as possible the natural water stratification,
cold water is introduced from below and hot water is taken from above.

The storage tank used for ENVISION project is of the latter type, supplied by Di Camillo
company. The installed capacity is 500 I, the storage is represented in Figure 49.
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Figure 50 Inertial storage tank draw
LT @ H @ Est R ] I D E G L M N 4] INF SUP  Kg.
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1500 1000 2435 1200 2210 380 735 1285 1745 550 440 1100 1285 1865 450 320 288
2000 1100 2455 1300 2530 385 925 1405 2050 558 445 1085 1495 1875 4.30 4.00 3ag
2500 1200 2405 1400 2680 400 945 1400 2035 520 480 1080 1555 1855 5.00 4.00 420
3000 1250 2710 1450 2800 410 1020 1635 2245 GDD 480 1210 17656 2165 6.00 420 475
4000 1400 2820 1800 2820 470 1085 1685 2310 68D 550 1270 1790 2230 T.00 5.00 a53
5000 1600 2850 1800 2870 475 1085 1700 2310 &85 B55 1275 1830 2230 8.00 5.00 757

Figure 51 Inertial storage tank dimensions

For what concerns the intermediate storage, it is still needed to clarify some aspects with
panels provider, but similar (or even smaller) tank is expected.
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As mentioned, these storages are inertial. This typology contains heating water (not subject
to hygiene quality regulations) and is commonly used in large systems or in systems for
integration with heating. Inertial storage tanks in closed vessel circuits do not require special
corrosion protection, have lower pressures and are not subject to scale deposits, as the system
is only filled once with water. They are often made of carbon steel, have lower costs and a
greater guarantee of durability. The heat exchange with the hot fluid is realized with an
external tube or plate heat exchangers, this allows the exchange of higher power in reduced
spaces and facilitates maintenance. As well, with regard to the integration, the technical
water is taken from the tank and sent to the auxiliary source (boiler, heat pump). There are
also inertial vessels intended only for the storage of domestic hot water; they are subjected
to appropriate anti-corrosion treatments and must meet hygiene requirements.

2.1.1.5 Thermal Dissipators

Four thermal dissipators are installed in the Thermochemical Power Group (TPG)
Laboratories and supplied by Alfa Laval. They are composed of a shell and tube heat
exchanger and variable speed fans, controlled by inverter, which allow modifying the
cooling power and therefore the thermal power consumed. These components, in fact, are
used precisely in order to simulate a thermal user as could be, for example, the heating
system of a building, for an overall capacity of 300 kWth. The thermal dissipation system
IS reported in Figure 52.

Figure 52 Savona Campus Laboratories thermal dissipators

In this section, the technologies included in the ENVISION Southern demosite have been
presented. Figure 53 shows a rendering of the final aspect expected for the demosite
developed with SketchUp software.
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Figure 53 ENVISION Southern Demosite rendering

2.2 System modelling

With the aim of performing a detailed design of the ENVISION system and, furthermore, to
define a control strategy based on a Model Predictive Control approach, mathematical
models of the main components of the Southern Demosite have been computed. In the
following sections, a detailed description of solar fagade panels and Heat Pump is provided;
while concerning the mGT, considering the important background of the author research
group, it has been used a simplified state-space model developed in previous activities. All
the models are developed in Matlab Simulink ambient.

2.2.1 Solar facade panels model

The aim of solar facade panels model is to relate the external ambient conditions (such as
ambient temperature, solar radiation and wind velocity) with a thermal output. This
conversion from solar radiation to thermal power strictly depends on the colour chosen for
the panels, since that to each colour is related a different absorption property. Three colours
of uncovered facade panels have been investigated for Savona Campus demo (white, red and
black). The presented model, validated by SEAC (partner of ENVISION Consortium), is
based on experimental coefficients.

The governing equation that relates to environmental parameters with solar panels heat
production is reported below [46]:

Qpanet
Apa‘rlel =1oG — ¢y (Tavgpanel - Tambient) 4)
pane

Where G is the solar radiation and c; is a specific experimental panel parameter.

Dividing all the members of the equation for G, the equation can be also rewritten
considering the charts in Figure 54 where are reported the performances of the panels
depending on their colour and technology. Panel 1, Panel 2 and Panel 3 refer to covered solar
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collectors, not considered in this analysis. Panel 4, Panel 5 and Panel 6 refer respectively to
Black, Red and White uncovered panels, the one considered in this analysis.

1.0
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Figure 54 Facade panel performances curve

Furthermore, the n, efficiency is affected by the angle of incidence of solar radiation.

iy,

N =

Figure 55 Incidence of solar radiation

The dependence of nyto solar radiation, the incidence is reported in Figure 56, where not a
really strong variation is foreseen for incidence lower than 50°C. Therefore, for
simplification, this aspect has been neglected in the following steps; even because some
incoherencies occurred in the highlighted area.
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Therefore, basing on this curve it is possible to estimate the efficiency and, known G also
the thermal production of the panel.

Furthermore, some losses can be considered due to the presence of wind (significant for
wind velocity higher than 2.5 m/s) and are calculated as follows:

QlossesWind =Ce * uWL'ndVelocity * G * Apanel (5)

The values of ¢, are listed in Table 12 for the three considered panels:

Table 12 Wind Thermal Losses coefficient [s/m]

White Uncovered Panel 0.036
Red Uncovered Panel 0.058
Black Uncovered Panel 0.093

Therefore, the actual thermal production for each panel is:

Qreal = Qpanel - QlossesWind (6)

The dynamic behaviour of the thermal panel is calculated considering as a control volume,
the liquid contained in the panel piping. Referring to the control volume highlighted in
Figure 57, the energy equation for the solar facade panel is reported in (7).
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dT,,
Ipanel . .
C — = Qrear + 1My Tin — Mcy Ty (7)

Where C is the thermal capacity. This value is provided by the facade panel supplier and
depends on the colour of the panel considered. The values are reported in Table 13.

Table 13 Panel Thermal Capacity [kJ/K]

White Uncovered Panel 15.57
Red Uncovered Panel 17.63
Black Uncovered Panel 17.50

Considering that:

(Tin + Tout)
Tavgpanel = 2 (8)

Substituting (8) in (7) and solving the differential equation it is possible to calculate the
outlet temperature from the panel considering the dynamics of the system.
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The results of the validated model, developed by SEAC, are reported in Figure 58, Figure
59 and Figure 60.
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2.2.2 Heat Pump model

The second model implemented is a Heat Pump model. This HP works in interaction with
the solar facade panels and the District Heating Network; therefore, a significative pressure
gap between evaporator and condenser is required. The modelling of an HP system requires
the modelling of all its four main components: two heat exchangers (condenser and
evaporator), a compressor and an expansion valve. Furthermore, control is needed in order
to guarantee the required temperature on the outlet user side (connection to DHN).
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In a preliminary phase, a simplified model has been developed. Then, foreseeing the chance
of an on-field validation, a more detailed model has been developed and initially validated
on another Heat Pump system, installed in Savona Campus.

A brief description of these two models is presented in the next sections.

2.2.2.1 Simplified HP model

This model concerns only energy equations for dynamic calculations, assuming that those
are the most relevant in the overall system behaviour. The selected working fluid is
R1233zd(E) since seems the most performant for the considered temperature range [47]. The
main assumption of this model consists into considering the outlet of condenser and
evaporator on the saturation line, automatically, without the need for lamination valve
control.

Figure 61 and Figure 62 represent schematically the operation of the considered HP.

550 1
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450 4

400 A

350 1

Temperature [K]

300 A
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200 +

010 015 020 025 030  0.35
Entropy [J/mol/K1/1000

Figure 61 HP cycle on R1233zd(E) T-s diagram
1-2: compression of the working fluid to the higher-pressure level.
2-2: superheated gas cooling
2°-3: working fluid condensation, reaching saturated liquid conditions (x=0)
3-4: iso-enthalpic expansion

4-1: evaporation, reaching saturated vapour conditions (x=1)

71



T.\ink.in } T»:ink.oul

(=

l source,out l source.in

Figure 62 HP scheme
Where:
Tsource,in 1S the temperature from the panels [K]
Tsource,out 1S the return temperature to the panels [K]
Tsink,in 1S the return temperature from the DHN [K]
Tsink out 1S the outlet temperature to the DHN [K] (required at 75-80°C).

In order to properly consider the working fluid properties, REFPROP tool has been adopted
[48].

A dedicated description of the equations implemented for each component is below reported.

e Evaporator: In this component, the energy equation is calculated in a dynamic
approach. Considering that this transformation occurs in a two-phase status for the
working fluid, the calculated evaporation temperature is directly linked to the
evaporation pressure through the use of fluid properties calculations by REFPROP.
The energy equation, the equilibrium between the two fluids, is used to calculate
the Tsource,our @nd is here reported:

7hsou’rcecpsource (Tsource,out - Tsource,in) = mworkingFluid (h4 - hl) (9)
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Where h; is obtained with REFPROP considering that point 1 belongs to the
saturated vapour line, therefore once known the evaporation temperature is known,
while h, is input from the expansion valve.

The dynamic approach is used to calculate the variation of the evaporator
temperature and pressure.

Teva

C
dt

= UADeltaTML,Eva + mworkingFluid (hy — hy) (10)

Where:

(Tsource,in - Teva) - (Tsource,out - Teva)

ln( (Tsource,in - Teva)/(Tsource,out - Teva))

DeltaTML‘Eva = (ll)

The characteristics of the evaporator heat exchanger are reported in Table 14.

Table 14 Evaporator Characteristics [49]

Thermal Capacity C 52.8 kJ/IK
Heat Exchange Area A 1 m?
Global Heat Exchange Coefficient U 1000 W/(m?K)
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Figure 63 Evaporator Simulink Model
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Compressor: This component is responsible for the mass flow regulation in the
HP. A controller on its rotational speed is therefore integrated, with the aim of
guaranteeing the temperature required by the DHN.

The main input of the component is the pressure gain needed and, therefore, the
pressures from evaporator and condenser. The outputs are the outlet temperature
from the compressor, that depends on compressor efficiency, and the working fluid
mass flow rate.

The compressor efficiency, in this simplified model, has been set as a constant value
of 80%. Therefore, the outlet compressor temperature is calculated starting from the
outlet enthalpy calculation:

hys — h
hy =hy +——1 (12)
Necomp

Where h,,, the isentropic outlet enthalpy, is calculated with REFPROP referring to
point 1 known conditions and the condenser pressure.

REFPROP is then used to calculate the outlet temperature, knowing the condition
of pressure and enthalpy in point 2.

The mass flow rate m,,o,kingriuia 1S then obtained referring to the compressor map

reported in Figure 64. The pressure ratio g = 224 js known, while the rotational

Peva

speed is defined by the control system: with these two inputs, the mass flow rate is
then obtained starting from the volumetric one, thanks to REFPROP density
calculations.

0.025 -

002

Flow rate [m3/s]

0.005 |~

1000 1500
Rotational speed [rpm]

Figure 64 Compressor map

The delay is then determined considering two characteristic delays: a first-order
delay of 10 s and a downtime delay of 1 s [49].
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Figure 66 Compressor Simulink Model

Condenser: The approach used for the condenser is similar to the one developed
for the evaporator, with the addition of the superheated portion of heat exchange.
The aim of this component is to calculate the outlet temperature of the sink side
(DHN supply) and the dynamic of the condensing pressure.

To do that the analysis can be divided into two sections. The first related to the
phase changing is (2°-3) and the second that is related to the superheated vapour
cooling (2-2°).

The equation of energy for the phase changing portion is used for the calculation of
the intermediate outlet sink temperature T’ s,k oue (COrresponding to the saturated
vapour for the HP working fluid):

msinkcpsink (T’sink,out - Tsink,in) = mworkingFluid (hz’ - h3) (13)

Where h,: and h; are calculated with REFPROP, since respectively in vapour and
liquid saturation state.

The sink mass flow rate is then heated again in the superheated portion of the heat
exchange (2-2°). In order to obtain the actual outlet temperature of the Sink T,k oue
the following equation is implemented:
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msinkcpsink (Tsink,out - T’sink,out) = mworkingFluid (hz - hz’) (14)

In the end, with the aim of calculating the temperature (and therefore) pressure
variations in the condenser, a dynamic calculation is developed only referring to the
phase changing region:

Tcond

C
dt

Where:

= UADeltaTML,Cond + mworkingFluid(hZ’ - h3) (15)

Delta _ (Tcond - Tsink,in) - (Tcond - T,sink,out) (16)
) d — 7
rHL.con ln(( Tcond - Tsink,in)/(Tcond —-T sink,out))

The characteristics of the condenser heat exchanger are reported in Table 14.

Table 15 Condenser Characteristics [49]

Thermal Capacity C 55.4 kJ/IK
Heat Exchange Area A 1 m?
Global Heat Exchange Coefficient U 1500 W/(m?K)
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Figure 67 Condenser Simulink model

Expansion valve: The aim of this component is to close the circuit through an
isenthalpic lamination. Therefore, once that is known the enthalpy in the outlet of
the condenser hs, the same enthalpy is given to point 4 (inlet of evaporator, h,).
Furthermore, since that enthalpy and pressure are known, the vapour content can be
calculated with REFPROP.
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A delay is then defined in order to estimate the dynamic of the system as reported
in a first-order delay of 20 s and a downtime delay of 1 s [49].

b3

Figure 69 Expansion valve Simulink Model
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Control system: As stated before, there is the need to properly manage and control

the system in order to provide the required temperature to the sink (80° C). To do
that, the mass flow rate is regulated via the compressor rotational speed.

With this aim, a PI controller has been implemented using the dedicated Simulink
tool, the coefficients that guarantee a proper and stable system management are
reported in Table 16.

Table 16 PI control coefficients

Proportional coefficient 154.81

Integral coefficient
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Figure 70 Control system Simulink model

All the mentioned components are properly interconnected, resulting in the overall HP
system modelling represented in Figure 71.
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Figure 71 HP simplified Simulink model

2.2.2.2 Detailed approach for HP modelling: a brief description

Within the context of another H2020 project (Pump-Heat), where the author’s research group
is involved, a Heat Pump is installed and therefore a more detailed HP model has been
developed with the chance of providing a static validation. Although this HP has a different
configuration from the one related to the ENVISION project, the modelling approach can be
adapted also on the ENVISION HP foreseeing the chance of an on-field validation. In the
considered conditions, the HP works in a temperature range of -10 °C (evaporator side) and
25 °C (condenser side). The working fluid chosen for this configuration is R600.

The main development obtained with this approach is related to the heat exchangers. The
moving boundary approach has been adopted [50] [51].

With this approach, it is assumed that in a region (with variable-length A) of the heat
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exchanger occur two-phases conditions. The length of A varies depending on the operative

conditions of the heat exchanger.
A brief description of this approach is provided with the example of a condenser.
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Figure 72 Moving boundary approach for HP Condenser

The calculation model is based on a system of equations that to be solved need to start from
a first guess. The solutions obtained from the set of equations are then applied in the dynamic
solution. A schematic description of this calculation is reported in Figure 73.
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Figure 73 Calculation scheme for Heat Exchanger in a moving boundary approach

Applying the scheme presented in Figure 73 to the condenser the inputs of the system are:

Tsink,in [K]: sink side, inlet temperature in the condenser;

Mgink [K9/s]: sink side, mass flow rate;

Cpoimi L/(KGK)]: sink side, specific heat;

h, [J/kg]: inlet condenser enthalpy, HP side;

T, [K]: inlet condenser temperature, HP side;

Myorking fuia [KY/S]: HP working fluid mass flow rate.
The characteristic parameters of the heat exchanger, provided by the manufacturer, are:

L [m]: condenser length;

D [m]: condenser height;

U, [W/(m?K)]: global heat exchange coefficient, in the vapour region;

U, [W/(m?K)]: global heat exchange coefficient, in the two-phase region.

Therefore, the first guess calculation is reported in Table 17, where in blue are reported the
unknown variables.
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Table 17 First guess set of equations

Qb,w = mworkingfluid (hz’ - h3) (17)
Qs = mworkingfluid (hZ - hz’) (18)
wa

T’ =T + 19

sink,out sink,in msmk Cp cink ( )
Tsinkout = Tsinkout + L (20)
sink,ou sink,out msmk Cpsmk

Qb,w + Qs

The first guess solutions obtained from Table 17, are then implemented in the system of
equations presented in Table 18 and solved using the Trust-region-dogleg algorithm, where
in blue are highlighted the final unknown variables.

Qsz

Table 18 Equations system for condenser solution

QS = msink Cp,sink (Tsink,out - T’sink,out)
p
Qs = mworkingfluid (hy — hyr)
U (L _ A) D (TZ - Tsink out) - (Tcond - T,sink,out)
s
In (TZ smk out)

(Tcond smk,out)

Qpw = Mgink Cp,sink (T’sink,out - Tsink,in)
Q =U. 1D (Tcond - T’Sink out) - (TCOTLd - TSink,iTL)

bw — Ub

(Tcond T’sink,out)
(Tcond Tsink,in)

Q. [W]: Heat exchanged in de-superheating region

Qbw [W]: Heat exchanged in two-phases region

A [m]: two-phases region length

The dynamic solution is then obtained, with the equations below.
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_ (Tcond - Tlsink,out) - (Tcond - Tsink,in)

AT, = -
ml In Tcond - T sink,out (22)
Tcond - Tsink,in
dTCOTld _ Thworkingfluid (hz' - h3) - Ub AD ATml (23)
dt CapaCitycond,liquid + CapaCitycond,solid

The static validation of this model has been possible thanks to experimental data provided
by the HP supplier, Mayekawa. The results obtained for this approach have shown a good
fitting with the experimental ones, both at design and off-design points, as reported in Figure
74.

Error %
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Offdesign2
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Figure 74 Error of main model parameters compared to the experimental data provided by Mayekawa

In order to match the results also in off-design operation, it has been needed to provide also
a law for the variation of the different global heat exchange coefficients and also compressor
efficiency. As areference, here is reported below the estimated variation of U,, in comparison
with a literature study on the variation of this coefficient [52], the two lines in Figure 75
show a close trend.
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Figure 75 Uy, coefficient comparison with a literature study

The complete dynamic validation of this model requires on-field activities that will be
carried out by the author’s research group. Therefore, this can be just considered as a
benchmark for the further validation also of the foreseen ENVISION HP installation.

Once defined and described the models of the ENVISION system, it is necessary to develop
the optimization of the system both at hardware level (component sizing), and software level
(control algorithm).
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2.3 System configuration optimization

Before developing the management of the system, it is necessary to properly define the best
configuration. To do that, at the first step, it is discussed in detail the best panel
configurations, secondly, a thermo-economic evaluation is provided including also storages
and sizing of the components.

2.3.1 Panel configuration

In order to properly define the configuration of the system, some evaluations have been
carried out, considering both technical and economic aspects. The importance of the
described models is also related to the evaluation of the best operational parameters of the
solar facade panels in coupling with the Heat Pump. The considered parameters are the
interconnection between the panels (series or parallel) and the mass flow rate through the
panels. It is worth to specify that the series connection consists of single branches (i.e. White-
Red-Black in series), interconnected in parallel each other, as reported in Figure 76.
Considering the available building surface, 24 panels (for the size of 2x1 m) are estimated
(8 for each colour).

.
’
Overall panels:24 s Parallel
Interconnection

Overall panels:24 |

Series
Interconnection

Figure 76 Series or parallel Panels interconnection

One of the most critical aspects for coupling solar facade panels with a heat pump is to find
the configuration that leads to the best overall system performance. Different schemes have
been simulated varying the mass flow rate through the single panels (min: 0.01 kg/s, max:
0.05 kg/s as available in the literature for the thermal and PV thermal panels [53], [54]) and
the series or parallel panels configuration. The tests have been performed assuming a
constant heat demand by the DHN at the fixed temperature of 75°C, this aspect allows to
minimize the influence of other parameters focusing on the impact of facade panels on HP
performances. The compressor power absorption of the HP is the only term of significant
consumption in the system. In this scenario, the parameter that allows the evaluation of the
system is the COP (Coefficient Of Performance) i.e. the index of efficiency of the HP,

defined as COP = @. Having set as constant the heat demand, the only terms affecting

el

the COP is the electric consumption of the HP. The best configuration of the system is the
one that leads to lowest consumptions and, therefore, highest COP.
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In add:

Qcond = Per + Qeva (24)

Where Q.,nq is the heat demand and Q. the heat provided by the panels. Therefore, the
maximization of heat produced by the panels guarantees the best performances of the system.
Simulations for different scenarios have been performed in Matlab Simulink environment
considering two representative solar days for cold and hot season. The results of these
simulations are reported in Figure 77 and Figure 78.

cop cor

& o m O M

=

0 0

9:07 10:33 12:00 13:26 14:52 16:19 17:45 9:07 10:33 12:00 13:26 14:52 16:19 17:45
—Series_mdot=0.01 Series_mdot=0.05 —Series_mdot=0.01 Series_mdot=0.05
----- Parallel_mdot=0.01 Parallel_mdot=0.05 -----Parallel_mdot=0.01 Parallel_mdot=0.05

Figure 77 COP for different configurations in Figure 78 COP for different configurations in
hot season cold season

As evident, the performances of the HP are definitely higher in the summer conditions,
where the panels perform better thanks to the significant solar radiation. For what concerns
the impact of the studied configurations on the system performances, as it can be seen in
Figure 77 and Figure 78 the highest COP values are reached for the interconnection in series
with the max value of mass flow rate trough the panels. Indeed, the heat provided by the
panels is given as a result of temperature and mass flow rate; increasing the mass flow rate
the temperature in the outlet of the panels decreases. On the other hand, an increasing of
mass flow rate leads to higher temperature in return at the inlet of fagcade panels circuit: this
aspect leads to a lower panel efficiency. The parallel configuration on one side guarantees a
higher overall value for the mass flow rates (single panel mass flow rate x 24 panels), but on
the other side does not lead to high temperatures as the series configuration does (see Figure
79 for the example of summer conditions). Therefore, it can be concluded that the most
exploitation of solar panels is possible with the configuration in series, maximizing the panel
mass flow rate.

85



90.00
80.00
70.00
60.00
50.00
© 40.00
30.00
2000 |,
T e
1000 [SZE
0.00 [

10.00
9:07 10:33 12:00 13:26 14:52 16:19 17:45

Series_mdot=0.01_Tin Series_mdot=0.01_Tout

Series_mdot=0.05_Tin
————— Parallel_mdot=0.01_Tin -----Parallel_mdot=0.01_Tout
Parallel_mdot=0.05_Tin ----- Parallel_mdot=0.05_Tout

Series_mdot=0.05_Tout

Figure 79 Inlet and Outlet temperature for the panels in different configurations

As an example of the proper operation of the PI control implemented in the HP model, with
the aim of providing constant temperature to the DHN (80 °C), the temperature of the mass
flow provided to the user by the HP is reported in Figure 80.

T_DHN

Figure 80 DHN Inlet temperature

2.3.2 System sizing

In this section, a detailed parametric analysis is performed focusing on the impact on the
system of the choice of storage dimensions and the number of panels installed. Is therefore
important to understand in detail how to properly design the heat source for a Heat Pump. In
this section. At this stage, many solar thermal facade panels are considered as heat providers
for the Heat Pump evaporator. In between inertial storage is installed in order to mitigate the
strong fluctuations due to solar panels that can compromise the proper operation of the Heat
Pump.

The layout of the system analysed is reported in Figure 81. Considering the scenario of
Northern Europe for what concerns solar radiation and thermal demands (since represents
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the most challenging condition), a Heat Pump able to cover the thermal demand of 20
apartments, for a size of 52 m? each, is considered. The evaporator of this heat pump is
supplied by solar facade panels interfaced with a Thermal Energy Storage (TES).

| N |
Northern Europe 20 Apartments
Scenario Thermal load .ED o .III T .ED
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Figure 81 Simulated Layout

In the next section, it will be described the model and the environment used to perform the
following analysis and results that considers both energetic and economic aspects.

2.3.2.1 Overall system model brief description

The model is developed in Matlab Simulink ambient, as reported in Figure 82. It consists of
three main components: the solar facade panels (described previously, yellow area), the
intermediate inertial TES (obtained from precedent activities [55], grey area) and the heat
pump (described previously, orange area). The blue area represents the principle of TES
management in order to maintain much stable as possible the water flow temperature seen
by the evaporator. More in detail, if the temperature in the outlet of the solar thermal panels
is higher than the average temperature inside the TES, the heat feeds the TES from the top,
while the HP is supplied with the bottomer part of TES (“Charge phase”); on the other hand,
when the outlet temperature from the panels is lower than the TES average, the flow from
the panels feeds the bottom part of TES and the HP is supplied with the topper (“Discharge
phase”).

The Heat Pump has a PI control that aims to guarantee the setpoint temperature in the water
outlet of the condenser (80°C). The thermal demand is regulated by changing the water mass
flow rate through the HP condenser. In this context, the heat demand considers both DHW
and space heating for 20 small apartments (52 m?) as provided by BAM (member of
ENVISION consortium) during their data collection campaign in previous. Considering a
facade surface of around 52 m? per apartment, it has been decided to cover around the 17%
of the available surfaces with facade panels (90 panels) or the 8% (45 panels).
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The inertial TES is considered with a size of three 5000L; the use of six 5000L TES will be
also simulated in order to understand the impact of the TES size on the system behaviour.
The higher TES capacity will, surely, increase the stability of the heat pump operation. This
analysis is needed to understand the actual impact of this increase, remembering that large
TES requires a lot of space to be installed.

2.3.2.2 Simulations and Results

Different scenarios have been simulated considering both winter and summer weather
conditions on a daily base. As explained in the previous chapter, the main parameters are the
number of panels and the number of 5000L TES. Therefore, the simulated configurations
are reported in Table 19.

Table 19 Simulated scenarios

_I 90 Panels | 45 Panels

3x 5000 | TES | Case A Case B
6x 5000 | TES | Case C Case D

The thermal demand for the 20 apartments, provided by BAM, is reported for a winter day
in Figure 83. This demand refers to both space heating and domestic hot water (DHW).
Moving to the summer period (no data available by BAM), it has been used the same
trendline, but the demand has been conservatively set to 60% of the winter one.
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Figure 83 Thermal demand for 20 apartments of 52 m?

One of the main aspects to be considered in this analysis is the behaviour of the Heat pump,
that it can be strongly affected by temperature fluctuations on the evaporator side.

e \Winter scenario

Initially focusing on the winter period, Figure 84 shows the standard deviation of the
water inlet temperature in HP’s evaporator for the different configurations.
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Figure 84 Temperature deviation of water inlet of HP’s evaporator (Winter)

It is possible to underline that the higher number of panels leads to higher temperature
on the evaporator side, since more heat is provided to the heat pump evaporator. This
aspect leads to better efficiencies for what concerns the Heat Pump. Indeed the
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Coefficient Of Performance (COP) increases when the temperature difference among
evaporator and condenser gets lower (see Figure 85). Since that in this application, the
condenser temperature is almost constant (fixed water outlet temperature due to DHN),
an increase of evaporator temperature guarantees significantly higher COP. Generally
speaking, the temperatures reached with 45 panels are not really interesting to justify
the installation, while moving to 90 panels (around 17% of facade coverage) the results
are more interesting.
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Figure 85 Heat Pump COP variation with temperatures [56]

Furthermore, it is worth considering the TES impact on system behaviour. Looking at
the aim of having the temperature much constant as possible on the evaporator inlet, as
expected higher TES volumes guarantee a better normal distribution.

In order to analyse deeply the impact of the proposed configuration on the system, it is
worth to focus also on the economic aspects, summarized in Table 20.

In particular the cost of electricity has been set to a value of 0.30 €/kWh as an average
value for EU-28 and conservative for a Netherlands scenario [57]. The cost for the
ENVISION solar fagade panels is estimated on a value of 250 €/m? as indicated by
EMERGO (the ENVISON partner responsible of panels construction and supply) with
a lifetime expected of 10 years.

The capital cost related to the storage system is obtained from previous works and
activities developed by the author’s research group, where a value of 250 €/ton of
capacity is considered [58].

In order to estimate properly the potential on the environmental aspect provided by the
use of ENVISION technologies, the CO2 emissions related to the use of Netherland
National Electric Grid are considered as a baseline, with a value of 618 g/kWh [59].
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Table 20 Economic and environmental assessment (Winter)

90Panels_6Storages | 90Panels_3Storages | 45Panels_6Storages | 45Panels_3Storages
Daily th production [kwh] 418.81 410.99 418.79 418.75
Tot el consumption [kWh] 192.90 194.33 219.76 218.93
COP avg 2.17 211 1.91 1.91
Daily el cost [€] (Price 0.3 €/kWh) 57.87€ 58.30€ 65.93 € 65.68 €]
Panels cost [€] (Price 250 €/m2) 45,000.00 € 45,000.00€ 22,500.00 € 22,500.00 €
Daily Panels cost [€] (10 years life) 12.33 € 12.33€ 6.16 € 6.16 €]
HP cost [€] 6,000.00 € 6,000.00€ 6,000.00 € 6,000.00 €
HP Daily cost [€] (10 years life) 1.64€ 1.64€ 1.64€ 1.64 €]
Storage cost [€] (125 €/t) 3,750.00 € 1,875.00€ 3,750.00 € 1,875.00 €
Daily Storage cost [€] 1.03 0.51 1.03 0.51
Daily total cost [€] 72.87 72.79 74.76 74.00]
Daily CO2 Emissions [kg]

(618 g/kWh Netherlands Grid) 119.21 120.10 135.81 135.30

One of the most interesting values reported in Table 20 is the average COP on a daily
base. As mentioned before, a larger coverage of facade surfaces with thermal solar
panels leads to higher COP, while different TES sizes do not significantly affect this
parameter. The electricity consumption is mainly due to the HP electrical demand (used
for running its compressor) while just a small part is linked to the fagade panels
recirculation pump: the higher COP and the lower the electric consumption. Under a
pure economic point of view, the electricity daily cost represents the main voice of cost
on a daily basis.

Focusing on other economic aspects, it is worth noting that the actual daily cost of
facade panels represents a significant portion of the overall costs, considering a lifetime
of 10 years. HP and TES cover a small part of the total daily costs. Therefore, moving
to the overall daily cost it can be noted that these costs can be reduced by increasing
the solar field size; indeed the benefit that they provide in terms of electricity
consumption reduction is much higher than the increase of capital cost linked to the
larger number of panels installed. At the same time, a reduction in electric consumption
leads also to lower CO. emissions with a positive impact on the environment.
Considering an average on a daily base, there is no impact of the thermal storage size
on the energetic performance. Furthermore, adding the fact of TES low cost, also under
the economical point of view, it is possible to assume that the TES size does not affect
significantly the thermo-economic analysis. In the end, the main comments on the TES
size can be extrapolated from the results presented in Figure 84.

e Summer scenario

Considering now the summer scenario, better performances are expected by the system
since the combination of lower heat demand and higher solar radiation represents an
optimum condition for system operation. Figure 86 shows the deviation of the water
temperature at the inlet of HP’s evaporator. It is immediate to notice that this time, the
available temperatures are significantly much higher than the one experimented during
the winter period.
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Figure 86 Temperature deviation of water inlet of HP’s evaporator (Summer)

The chance to have a bigger storage guarantees more constant temperature and
therefore a more stable operation of the HP. The water outlet in HP’s condenser is still
set to 80°C, therefore having the high temperatures shown in Figure 86 leads to high
COP and more performant system management. The thermo-economic performances

are resumed in Table 21.

Table 21 Economic and environmental assessment (Summer)

90Panels_6Storages | 90Panels_3Storages | 45Panels_6Storages | 45Panels_3Storages
Daily th production [kWh] 245.49 251.01 250.98 250.90
Tot el consumption [kWh] 72.13 74.25 85.52 86.79
COP avg 3.40 3.38 2.93 2.89
Daily el cost [€] (Price 0.3 €/kWh) 21.64€ 22.27€ 25.66€ 26.04€
Panels cost [€] (Price 250 €/m2) 45,000.00 € 45,000.00 € 22,500.00 € 22,500.00€
Daily Panels cost [€] (10 years life) 12.33 € 12.33€ 6.16 € 6.16 €]
HP cost [€] 6,000.00 € 6,000.00 € 6,000.00 € 6,000.00 €
HP Daily cost [€] (10 years life) 1.64€ 1.64€ 1.64€ 1.64 €
Storage cost [€] (125 €/t) 3,750.00€ 1,875.00€ 3,750.00€ 1,875.00€]
Daily Storage cost [€] 1.03 0.51 1.03 0.51]
Daily total cost [€] 36.64 36.76 34.49 34.36
Daily CO2 Emissions [kg]
(618 g/kWh Netherlands Grid) Cas L2 S S

As expected, the COP is higher than the one obtained in the winter period. Focusing on
the daily costs, the lower heat demand combined with the higher COP leads to a
significant reduction in terms of electricity cost; therefore, during the summer period
the portion of daily costs related to fagade panels increases. In fact, looking at the total
daily costs, the thermodynamic benefits provided by the installation of a greater number
of panels (lower electricity costs) are not compensated by the higher capital costs of the
panels. On the other hand, focusing on environmental aspects, the chance of having
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higher COP values and better system efficiency, thanks to the installation of a larger
number of panels, leads to lower emissions.

In order to have a better comprehension of the obtained results, it is easier to compare them
with the “state of the art” technology for heat production: a gas boiler. Therefore a
comparison considering a characteristic day on a yearly basis (6 months of winter and 6
months of summer are considered in order to make the elaboration easier) it has been
performed between ENVISION Technologies (Table 22) and boiler (Table 23). For the
boiler solution the following assumptions are provided: the cost of natural gas for residential
users has a value of 0.078 €/kWh [60]; the boiler cost is fixed at a value of 6000 € [61]
(similar to HP cost), while the related emissions are calculated based on a reference value of
60 g/MJ [62].

Table 22 Yearly Economic and environmental assessment

90Panels_6Storages | 90Panels_3Storages | 45Panels_6Storages | 45Panels_3Storages
Daily th production [kWh] 332.15 331.00 334.89 334.82
Tot el consumption [kWh] 132.52 134.29 152.64 152.86)
COP avg 2.79 2.75 2.42 2.40
Daily el cost [€] (Price 0.3 €/kWh) 39.75€ 40.29€ 45.79€ 45.86 €
Panels cost [€] (Price 250 €/m2) 45,000.00 € 45,000.00 € 22,500.00 € 22,500.00 €]
Daily Panels cost [€] (10 years life) 12.33€ 12.33€ 6.16 € 6.16 €
Storage cost [€] (125 €/t) h 3,750.00 € 1,875.00 € 3,750.00 € 1,875.00 €]
Daily Storage cost [€] 1.03 0.51 1.03 0.51
HP Cost [€] 6,000.00 € 6,000.00 € 6,000.00 € 6,000.00 €
Daily HP cost [€] 1.64€ 1.64€ 1.64€ 1.64€
Daily total cost [€] 54.75 € 54.77 € 54.63 € 54.18 €
Daily CO2 Emissions [kg]
(618 g/kWh Netherlands Grid) 81.89 82.99 94.33 =)

Moving to a daily analysis based on a yearly average, it can be noticed that the costs of the
four different configurations are pretty much the same; this is due to the combination of the
different aspects explained separately in the specific sections (for winter and summer
period). Since one of the most relevant goals of ENVISION is the reduction of emissions,
moving towards sustainable and positive energy buildings, the results collected in Table 22
suggest that a large number of installed panels guarantees better performances of the system
and therefore lower emissions. In add, since these emissions are considered referring to the
Netherlands Electric Grid, the possible use of photovoltaic or other renewable systems could
further reduce the emissions. In the end, the solution considered for the next evaluations is
the one with 90 panels and 6 TES: the high number of panels guarantees low emissions, the
larger size of TES guarantees more stable operation of the HP.
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Table 23 Thermo economic results for boiler

Boiler Year

Daily Gas cost [€] A

32.65 €
(Netherlands 0.078€/kWh)
Boiler cost [€] A 6,000.00 €
Daily Boiler cost [€] (10years life) 1.64 €
Daily Total cost [€] d 34.30€
Daily CO2 Emissions [kg] b
(602/MJ) 90.42

Therefore, comparing the chosen solution with the boiler one it is immediately perceptible
that, as expected, the state of the art is more economic than the innovative solution. This
aspect is mainly linked to the high daily cost of electricity (only the electricity cost is higher
than the total daily cost for the boiler scenario). Generally speaking, the main voices of cost
are related to the panels and electricity, see Figure 87.

2% 3%

m Daily el cost

B Daily Panels cost
Daily Storage cost

m Daily HP cost

Figure 87 Split daily costs of ENVISION solution on a yearly base

In this sense, an attempt to reduce solar facade panels cost (or increase their lifetime) could
permit a larger installation of them (considering the chance to have additional space for their
installation) without increasing the total costs (especially considering the summer scenario).
If this improvement could be possible, there is a chance to reduce drastically the electricity
consumptions (and therefore costs) becoming competitive under the economic point of view
with the boiler solution. For what concerns the environmental point of view, the use of
ENVISION technologies can guarantee a reduction of around 10% of CO> emissions. As
stated before, the possible introduction of PV panels or an increase in the use of facade
thermal panels could lead to even lower emissions.
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2.4 Control strategy development

ENVISION aims to reach a high readiness level of the technologies developed within the
project. To do that, it is important to develop a management system able to maximize the
performance and potential of the considered technologies. The management at District Level
is analysed considering also the installation of ENVISION technologies inside District
Heating Networks (DHNSs) or Smart Grids (SGs). The aspect that mostly affects the impact
of ENVISION in the current energetic scenario is the one related to the environment,
therefore guarantee low emissions will be a priority in the evaluation of the best management
of the system. On the other hand, considering the will to have wide dissemination of the
proposed technologies, the economic aspect cannot be neglected to develop robust and
significant system management.

Before having a detailed analysis of the management of the ENVISION system, it is worth
to provide a brief description of the state of the art of DHNs and SG in order to understand
better the environment where these technologies take place.

Analysing the state of the art, Europe is one of the leading places on Earth for what concerns
the development of DHNs (especially Northern Europe) with more than 6000 different
systems installed [63]. The use of distributed generation and DHNSs allows an increase of
efficiencies and energy savings: indeed, it is possible to reduce thermal losses thanks to local
consumption. Furthermore, the flexibility in the management leads to higher efficiencies and
therefore primary energy savings. District heating represents a promising solution for
supplying heat to numerous consumers, especially in urban areas with a high density of
users. Additionally, district heating is a suitable platform for integrating low carbon
technologies like heat pumps on a large scale, renewable energy sources and thermal energy
storage to improve the general efficiency and to minimize greenhouse gas emissions. District
heating, indeed, can integrate renewable energy through heat pumps (such as geothermal and
solar thermal energy), waste heat, energy from municipal waste and thermal energy storage;
all of which increase the flexibility of the systems. The DHN differs in terms of working
temperature and technologies for heat generation. Conventional DHNs consist of a main
centralized unit that provides thermal energy to all the users connected to the DHN;
nowadays the need to increase the penetration of renewable energy in the energy mix is
leading to wider use of distributed generation. Figure 88 summarizes the technologies and
the respective temperature available in the DHN.
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Low-temperature district heating networks can operate with supply line water temperatures
between 50-55 °C or 60-70 °C and return line water temperatures of 25 °C to 40 °C, meeting
the heating requirements for space heating and domestic hot water in residential or public
buildings. Lower temperatures in district heating networks lead to lower distribution losses,
higher integration possibilities for heat pumps, lower electricity supply and an improvement
in heat storage possibilities. ENVISION project works in the direction of increasing the
available building surface to harvest energy to be converted in thermal or electrical power.
These heating systems need to be coupled with a Heat Pump in order to reach the required
temperatures by the DHN. In this sense, this analysis takes into account the use of heat
harvesting systems for the building facade coupled with an HP, working as a temperature
booster. Considering also the more and more interest in Smart Grids, solutions taking into
account also the presence of Combined Heat and Power (CHP) units are evaluated. This
analysis is also necessary considering that the ENVISION Southern demo site will take place
in Savona Campus, in interconnection with Smart Poly-generation Micro Grid (SPM). The
EU encourages CHP as an efficient energy production technology since offers high
efficiency in heat and electricity generation with lower emissions than with separate
processes.

Focusing on the integration of Heat Pumps in DHNs different aspects have to be taken into
account, Figure 89 summarizes the most relevant parameters to be considered to properly
design a heat generation unit in a DHN. The selection of a suitable heat pump arrangement
for a given district heating system depends on three main technical features: the heat source

96



for the heat pump, the technology of the heat pump to be applied and the profile of the
heating requirement.
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Figure 89 Technical triangle for HP integration into DHN [64]

The heat sources available for the heat pump, heat pump technology and the heating
requirement of the application are key points to be considered in heat pump integration into
a district heating system.

During the heat pump design process, it is essential to indicate which components of the
technical triangle can be adjusted and what are the suitable arrangements for efficient
functionality of the DHN. It is worth noting that the components in the technical triangle can
be redefined depending on the choice of heat pump technology for the given system. In some
cases, it is necessary to modify components of the future system. According to the technical
triangle, there are many options such as a reduction in heating requirement (e.g. through
improved thermal insulation the buildings), a connection of heat pump units with other heat
sources (e.g. conventional energy sources for maximum load, renewable energy sources,
etc.) and feeding the heat pump by renewable energy sources (e.g. PV, hydro, wind). The
heat source can be enlarged (e.g. additional geothermal boreholes) or diversified (two or
more heat sources), etc. Figure 90 shows four different examples of the dimensioning of an
HP integrated with a DHN.
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In the case where the capacity of the heat source for the heat pump is limited and, therefore,
the HP cannot provide the required heat, some possible solutions are reported in Figure 90.
Figure 90 (A) reports a scenario where this issue is solved by adding a new heat source to
supply the HP; if the added heat source is still not sufficient to cover the heat requirements,
the solution provided in Figure 90 (B) uses a building refurbishment in order to decrease the
demand. In Figure 90 (C) the same issue is solved by an expansion of the original heat source
(e.g. more solar thermal panels). Figure 90 (D) shows the case of a small HP inside a DHN,
to supply the heat requirement, it occurs the use of Renewable Energy Sources (RES) and
Thermal Energy Storages (TES) also connected to the same DHN. The use of seasonal TES
could be significant in order to be completely independent of traditional heat sources (HS),
as shown in Figure 91.
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Figure 91 Traditional Heat coverage (on the Left) considering building refurbishment and Innovative
management (on the right) considering the use of only innovative energy sources [64]

With this configuration is, therefore, possible to store the heat produced by HP and other
RES in the Seasonal TES and use this heat during the winter period when the heat demand
is higher. Depending on the DHN generation and other parameters, there are several possible
interconnections between the HP and the DHN as reported in Figure 92.
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Figure 92 Schemes for: (A) traditional fossil fuel-based DH and (B) heat pump placement options in
advanced DH [64]

The local heat pump can have a high or medium thermal capacity and it is placed near to a
locally available heat source, connected directly to the DHN supply line, while small
individual HPs can be directly connected to return line of DHN or indirectly connected just
because of the use of the electricity provided by the central CHP unit. It has to be noted that
the interconnection of HP to the DHN return line can be quite complicated for what concerns
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already existing DHNs. This means big changes in the system, locally it is necessary to
install a heat exchanger in the DHN return pipe or change the connection to local substations,
these solutions lead to consequent high investment costs.

The first part of this section focuses on the development of the management ad district level
of different technologies interconnected to a DHN or a Smart Poly-generation grid. The
analysis performed in the previous section acts as an input for this one, that is focused on the
system management that minimizes costs. The tool used to perform this analysis is W-
ECoMP, a software developed by TPG (Thermochemical Power Group,
http://www.tpg.unige.it/TPG/), a research department of the University of Genoa.

2.4.1 W-ECoMP Description

W-ECoMP (Web-based Economic Cogeneration Modular Program) is a modular and
flexible software tool, which aims at the thermo-economic, time-dependent analysis and
optimization of energy systems, including off-design conditions.

W-ECoMP
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Figure 93 W-ECoMP description

W-ECOMP is characterized by a modular approach and a user-friendly interface, which
allows the user to build complex system configurations in a short time. This approach
maintains the flexibility and extendibility of the library of components. Each component is
described by three subroutines which define mass and energy flows, off-design performance
curves, variable and capital costs. The determination of cost functions for the different
modules is based on the contribution provided by TPG’s industrial partners over the last few
years and by reference to literature data. Cost functions are constantly updated. In order to
increase the analysis consistency, energy systems are simulated through specific
performance curves that fit experimental/calculated data describing the off-design behaviour
of each component in the library (see Figure 94).
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Figure 94 Example of off-design curves in W-ECoMP

The modular structure of the software allows users to combine the single components in
order to analyse a wide typology of plants (such as residential users, power plant, poly-
generative smart grids). In addition, the analysis of the same plant can be performed
considering different economic scenarios, investigating the influence of one or more
parameters variation on the global performances of the energy system. One of the most
important features of W-ECoMP is the possibility of performing the thermo-economic
analysis at two different hierarchical levels, to optimize respectively:

- the operating strategy for existing energy systems (low level)
- the size of one or more components during the plant design (high level)

Capital and variable costs are considered for system size optimization, while only variable
costs are considered to optimize the operating strategy of existing energy systems. In the
design optimization, the size of each component is evaluated together with its capital cost.
The evaluation of the optimal operating strategy is then carried out at the lower level of
optimization according to the actual energy load demands (i.e. electricity, heating and
cooling energy). The objective function is usually selected as the total costs/revenues balance
within the plant operating life.

2.4.2 District cases management

Considering the scenario of a developed DHN, where it is possible to control and manage
all the distributed technologies in order to properly satisfy the total demand, it has been
necessary to evaluate how the different systems can be managed on a district scale. In order
to provide a clearer vision of these aspects, the case of Smart Grids (thermal and electrical
demand and production on a district scale) and the case of DHN (only thermal demand on a
district scale) are considered separately. The analysis is performed using W-ECoMP
software.
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2.4.2.1 Case with CHP units (Smart Grids)

In smart grids, both electric and thermal power is produced, distributed and consumed within
the same network, with the main objective to create a neutral (or a positive) energy hub that
includes all the users inside the smart grid.

In relation to what it will be implemented in Southern-Demo site within ENVISION project,
in this analysis of a smart grid, are considered different small energy hubs consisting of a
CHP unit (mGT) and Heat Pump. Figure 95 shows the plant layout analyzed in this section.
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Figure 95 Smart-grid configuration on W-ECoMP

At this stage, the smart grid is considered to be composed of three energy hubs. The CHP
units can supply the electric power needed by the heat pump with which every mGT is
coupled. The electric power in excess is then delivered to the smart grid users. For what
concerns the thermal aspect, the heat produced by mGT and HP are merged and provided to
the DHN. A centralized storage tank is installed in order to guarantee good management of
the system, creating independence between thermal and electric aspects. The installed heat
pumps have different sizes, furthermore, each heat pump is equipped with a different number
of panels. This aspect is reflected on the HP’s COP, that varies depending on the number of
panels installed. The values of COP are obtained and scaled from the developed analysis in
section 2.3.2. The CHP units that are considered in this phase are micro Gas Turbines with
a size of 30 kW and an electrical efficiency around the 30%, while the CHP efficiency is up
to 90% [65].

Table 24 and Table 25 summarize the main properties of the system installed in the
considered smart grid.

Table 24 Heat Pumps properties

Size COP Winter | COP Summer
HP1 | 9.5 kWe 21 34
HP 2 | 16 kWe 1.9 3.0
HP 3 | 7.5 kWe 2.0 3.15
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Table 25 CHP unit properties

Size %Eff
mGT 1 | 30 kWe 30%
mGT 2 | 30 kWe | 30%
mGT3 | 30kWe 30%

Compliant with the present discussion, the performances of the system will be evaluated in
the winter and summer scenario. Therefore, the COP of the Heat Pumps is different
depending on the season and the facade panel performances. The variations of the COP
during the day are simulated changing the ambient temperature in the input data of W-
ECoMP, since the tool is not able to perform a calculation with the detail level of the
MATLAB Simulink model. Anyway, it has to be noticed that the presence of an intermediate
TES leads to stable HP operations, therefore little COP changes during the day are expected
(neglecting the off-design COP variations).

The thermal load has similar trends to what have been proposed in Figure 83 but scaled in
relation to the higher system size of this analysis.

The electrical loads used are obtained from the trendlines reported in Table 26. The absolute
value is then scaled down, in order to be compliant with the size of the technologies installed
in the considered energy hub.
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Table 26 Trendlines for electric loads used on summer (top) and winter (bottom) [66]
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e Winter scenario

The initial focus will be on the winter scenario. Considering a smart poly-generation
grid, the proportion between electric and thermal demand is fundamental in terms of
system management. For a winter scenario, the proportion between thermal and
electric demand is quite high. Therefore, in order to satisfy both demands, the use of
CHP units could be promising since their rate of production thermal/electric is
compliant with the demand one. Figure 96 and Figure 97 show the management
proposed by W-ECoMP algorithm, electrical and thermal respectively.
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Figure 96 Smart Grid Electric management in a winter scenario
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Figure 97 Smart Grid Thermal management in a winter scenario

Considering the absence of batteries and the will to create an energy-neutral smart
grid, the system is managed in order to follow the electrical demand while thermal
follows. In this context, the mGTs are strongly used, while the HPs are used to
produce even more thermal energy. Indeed, the use of heat pumps guarantees the
production of thermal energy thanks to the more use mGTs. Furthermore, the chance
of using the mGT close to their design point leads to better performances. In the end,
the presence of HPs has many different benefits on this kind of system.

The storage is used in order to decouple the thermal and the electrical demand by
storing the thermal demand in excess, produced when the electric demand leads to
an intensive thermal production (during the night).

The intense use of mGTs is confirmed in Figure 98, where it can be seen that most
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of the time the machines are used over 80% of their design power. As confirmed in
Table 27.
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Figure 98 mGTs partial load in a winter scenario

On the other hand, heat pumps are mostly managed to satisfy thermal demand.
Therefore they are used a bit more in partial load. It has to be considered that, since
the 3 mGTs are the same, the main discretionary factor for their use is related to the
HP more efficient in the considered period. The choice of this best Heat Pump will
lead to the choice of mGT use.

Table 27 Percentage of time spent by each mGT in a certain working condition, winter
scenario

mGT1 mGT2 mGT3
On-Design  38% 50% 63%
Turned Off 25% 8% 4%
Partial Load 38% 42% 33%

Figure 99 shows the COP of the HPs during the operation purposed by W-ECoMP
algorithm. Considering their COP at the design point, it is evident that they work
most of the time in partial load since the COP values in Figure 99 are quite lower
than the design point ones (reported in Table 24).
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Figure 99 COP of Heat Pumps in a winter scenario

e Summer scenario

In this case, the summer scenario is affected by lower thermal demand and even lower
electrical demand. In this sense, the use of HP is more substantial than the winter
period. The presence of HPs guarantees an increase in electrical demand and,
therefore, the use of mGTs. Figure 100 and Figure 101 show the system management
proposed by W-ECoMP algorithm.
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Figure 100 Smart Grid Electric management in a summer scenario

Considering the low electric demand, the mGTs have to work at partial load.
Therefore, also the thermal production is not always sufficient to satisfy the heat
demand. This issue, especially in periods with significantly low electric demand, can
be solved by introducing the use of heat pumps. The use of heat pumps and mGTs,
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combined with thermal storage, allows guaranteeing a proper satisfaction of both
demands.
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Figure 101 Smart Grid thermal management in a summer scenario

As stated before, Figure 102 shows that the mGTs works mainly at partial load since
the low electrical demand, as summarized in Table 28. It can be seen that sometimes
different mGTs are used at strong partial load. This aspect could seem not
advantageous in terms of system efficiency. On the other hand, considering also the
thermal aspect, in this period it could be not sufficient the use of only one heat pump.
Therefore, two different mGTs has to be used to supply the respective heat pumps
for the necessary heat production. A significative example of this assertion is period
20, where the only use of one mGT could be sufficient to satisfy the electric demand,
but in order to satisfy also the thermal demand, 2 heat pumps are needed. The use of
these 2 heat pumps requires the use of two different mGT at partial load.

Table 28 Percentage of time spent by each mGT in a certain working condition, summer
scenario

mGT1 mGT2 mGT3
On-Design 0% 4% 0%
Turned Off 42% 29% 42%
Partial Load 58% 67% 58%
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Figure 102 mGT partial load in a summer scenario

What has been stated previously is confirmed by Figure 103 where, focusing on
period 20, it is possible to notice that the Heat Pumps are really close to their design
point since that are working with high COP (also a bit higher than the design point
due to the light positive impact of small hourly temperature variation).
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Figure 103 COP of Heat Pumps in a summer scenario

In conclusion, it can be stated that there are huge differences in the winter and
summer management of a poly-generative smart grid. These differences are mainly
related to the strong changes in terms of energy demand depending on the season.
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Furthermore, the use of Heat Pumps (considering their ENVISION configuration) it
is strongly encouraged by their higher COP.

For what concerns the storage typology, in this phase it has been considered common thermal
storage in order to guarantee flexibility to the system management. This choice is compliant
with the system currently present in Savona Campus. It is worth noting that the choice of the
storage (especially in terms of dimensions e.g. seasonal, weekly, daily,...) could have a
significative impact on the management of this kind of system. With this scope, a more
detailed analysis will be developed in activities carried out by other consortium partners,
where particular attention will be also referred to the analysis of seasonal storages
understanding if they can be compliant with ENVISION technologies and goals.

2.4.2.2 Case with only Heat producers (District Heating Networks)
The analysis of a DHN is developed considering three different Heat Pumps with different
sizes and configuration, all connected to the same DHN. Once that the demand of the whole
DHN is known, the management of these HPs will be evaluated in order to minimize cost
and maximize the system efficiency, guaranteeing the demand-supply.

The system layout is presented in Figure 104. It has to be noted that the presence of an
electrical grid and electric demand is required to make the model run, but with a proper setup
of the model, it is considered only the thermal aspect.
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Figure 104 DHN configuration on W-ECoMP

The heat pumps are designed with different sizes, furthermore, each heat pump is equipped
with a different number of panels. This aspect is reflected on the HP’s COP, that varies
depending on the number of panels installed. In Table 29 are summarized the properties of
the different HPs. The inputs related to the COP are related to the presence of fagade solar
panels, proportional to the HP size. The highest the COP and the larger number of panels are
installed. The input data are extrapolated from the Matlab Simulink analysis presented in
section 2.3.2.
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Table 29 Heat Pump properties

Size COP Winter | COP Summer
HP1 | 9.5 kWe 2.1 3.4
HP 2 | 16 kWe 1.9 3.0
HP 3 | 7.5 kWe 2.0 3.15

Even in this case, two characteristic days for winter and summer period are considered.
Therefore, COP values of the Heat Pumps are different depending on the considered
scenario, due to the different behaviour of the facade panel system. The demand is related to
common users connected in a DHN, the absolute values are set in compliance with the
installed thermal power of the system.

e \Winter scenario

Initially, the focus will be on the winter scenario. This scenario is the one related to the
higher thermal demand and also the low performances of facade panels. In this sense,
this period is a kind of “worst-case” considering the yearly basis analysis of the system.
The three heat pumps are managed in order to satisfy the thermal demand, minimizing
the operational costs. The results of the obtained management are reported in Figure
105.
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Figure 105 DHN management in a winter scenario

The performances of the heat pump are affected by its off-design curves in terms of
partial loads. The variation of ambient temperature is used to emulate the changes of
facade panels performances affecting the HP’s COP in terms of evaporator temperature
variation.

It is evident to see that, despite its lower efficiency, the HP2 is the most used because
of its size. Indeed, use at a partial load of the Heat Pump leads to lower efficiencies. In
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this sense, most of the time is convenient to use as much as possible only one Heat
Pump (even if with low COP) because the use of many of that at partial load is less
efficient. The COP of the different heat pumps is then reported in Figure 106 and can
be compared with the partial load chart of the HPs. It can be noted that neglecting the
small effect of ambient conditions on facade panels and T,,,, (mitigated by the presence
of the intermediate storage tanks), the COP curves have similar behaviour to the partial
load ones (Figure 107). It is worth noting that the partial load is considered in terms of
electric power, moving from the design point.
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Figure 106 COP on a daily basis in a winter scenario

100%

L |
; - » gy
80% : ' 3
L,
_ ] -
60% f 3
: H HE Y s # - % HP1
;'I 0
; . ] % HP2
40% LA % HP3
20%
0% *

1234567 8951011121314151617181920212223

Figure 107 Heat Pumps partial load on a daily basis in a winter scenario

As shown in Figure 107, the minimum off-design for the HPs is around 30%; therefore
under this limit, the machine is forced to switch off. The analysis of the previous figures
shows that the HP with the lower COP is forced to work most as possible close to its
design point, in order to do not decrease too much its efficiency. When necessary, the
HP1 is the one mostly used at partial load since starts from a higher COP at the design
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point. Generally speaking, when the demand requires the use of all the installed HPs, it
IS convenient to operate with a light partialization for every machine. The use in the
design point (max power) of one HP will lead to a stronger partial load of the others
and, therefore, significantly lower COP.

e Summer scenario

Moving now to the summer scenario, it can be expected a context where the
performances of the Heat Pumps are better; on the other hand, a lower heat demand
could lead to stronger partial load. In this sense, the management of the district requires
attention, monitoring both the demand side and environmental side (solar radiation,
outdoor temperature) for every single cluster.

Figure 108 shows the management of the DHN proposed by the genetic algorithm
implemented in W-ECoMP. It can be immediately noticed the absence of the HP2.
Indeed, this heat pump is the one characterized by the lower COP; meanwhile, the lower
thermal demand could be easily satisfied just with the use of the other two Heat Pumps.
Then, the HP2 can be switched off during the summer period.
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Figure 108 DHN management in a summer scenario

In this sense, the management of the summer period is easier. The two heat pumps are
regulated in order to be used as much as possible, making them work as much close as
possible to their design point. In the case when only one heat pump is not enough to
satisfy the heat demand, both heat pumps are partialized in order to guarantee an overall
higher efficiency for the system. The thermal capacity of the heat pumps is strongly
related to the COP, therefore once established the compressor size, the thermal capacity
increases with COP. This is why, in particularly advantageous periods, the HP1 is able
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to produce around 35 kWth. Figure 109 and Figure 110 shows the heat pumps
performances with the proposed management.
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It is worth considering that the partial load curves are related to the use of the
compressor. Also in this case, the management of the system guarantees partial loads
higher than 30%. Meanwhile the increased heat capacity, due to higher COP in summer
conditions, allows satisfying the thermal demand without working at full operation with
one HP.
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For a general overview, it is worth considering that the lower efficiency occurring at partial
load can be limited by using variable compressor displacement via the de-activation of one
or more cylinders. In this way a more flat off-design performance curve can be obtained and,
contemporary, it is possible to push at a lower level the minimum off-design point.

One of the most important observations that are needed talking about “centralized” DHN
management is the electric cost related to the HPs supply. Indeed, in this case, considering
that each HP belongs to a certain single user, the thermal demand is managed globally on
the whole DHN, but the electric load will be supplied locally. In this sense, the much intense
use of a single HP, despite another, will lead to higher electric costs in charge of this
penalized single user. In order to solve this issue, there are two possible ways to be actuated
in the design phase of the DHN:

- Every single HP unit has to be the same. In this way, installing a “standardized”
heating module, it will be possible to do not penalize anyone of them. Indeed, a daily
rotation in the use of each HP will guarantee on the weekly (and therefore monthly
and yearly) basis the same use of all the HP installed in the DHN (same electric
consumption).

- Share equally among the different users the electricity costs linked to HP use. This
approach is needed in the case of HPs with different size. To reach this aim it is
necessary to install a dedicated electricity consumption meter for each HP able to
monitor the electricity supply for the different HPs and, then, share in a
proportionally and agreed way this total amount.

2.4.3 Single system analysis

The system layout simulated in this section is similar to the one that will be installed in
Savona Campus and consists of a single energy-hub installed inside a smart grid. The aim
of this activity is to define, generically, the best practises that occurs in the management of
this kind of systems. As described in the previous sections, the energy hub consists of a CHP
unit (100 kWe micro-Gas Turbine) that supplies both heat (to DHN) and electricity
(supplying both HP sand smart grid). The HP (10 kWe), as shown in the previous chapter
uses as a heat source on the evaporator side the thermal energy produced by ENVISION’s
solar facade panels. A water thermal storage tank (for this simulation considered with a
capacity of 9 tons) is also installed in order to guarantee more degrees of freedom in the
system management decoupling the electric and the thermal demand. Figure 111 shows the
layout on W-ECoMP of the considered application. Since that inside the software is not
possible to set the heat sources for the heat pump, the main input and indicators for the heat
pump are the one obtained from the analysis performed with Matlab Simulink in the previous
chapter. The chosen configuration is the one with 90 Panels and 6x5000 L storages. The
Heat Pump COP is defined considering the results obtained from the detailed analysis
performed in section 2.3.2, for both summer and winter scenario. The variations of the COP
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during the day are simulated changing the ambient temperature in the input data of W-
ECoMP, since the tool is not able to perform a calculation with the detail level of the previous
one. Anyway, it has to be noticed that the presence of an intermediate TES leads to stable
HP operations, therefore little COP changes during the day are expected (neglecting the off-
design COP variations).
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Figure 111 W-ECoMP simulation layout

The energy loads are primary inputs for the systems. Several buildings are considered in
these simulations, following the trendline of the data provided by BAM for what concerns
the heat demand, as reported in Figure 83. Same approach has been used for what concerns
the electric load, following the trends proposed in Table 26.

It is worth underlining that the Southern Demo, located in Savona, gives also the chance to
test different loads thanks to the programmable load emulator installed in the University of
Genoa laboratories at Savona Campus.

In this section are presented the results obtained through the simulations developed using
W-ECoMP. The tool suggests the management linked to the lower costs in terms both of
capital and operation costs. The management will be firstly reported on a daily basis for
winter and summer conditions, then an analysis focused on the economic aspect will be
developed on a yearly basis.

e Winter scenario

The results for the optimized system management obtained in the winter scenario are
reported in Figure 112 and Figure 113.
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Figure 112 Electric management in a characteristic winter day

Since that no batteries are installed in the system, the micro Gas Turbine (mGT) is
managed in order to cover the demand considering also the supply of the HP. The HP
is regulated looking at the thermal demand, considering also its use when the COP is
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Figure 113 Thermal management in a characteristic winter day

The storage is needed to store the excess of thermal energy produced by the mGT
following the electric load. Its use is fundamental to guarantee proper management of
the system considering both demands. The HP is useful since leads to a double thermal
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management increase; in fact, in addition to the HP produced heat, it has to be
considered also the additive portion of thermal energy produced by the mGT to supply
the HP electrical demand. In this sense, the presence of HPs guarantees good flexibility
in the management of both demands. Furthermore, it is worth considering that HP can
be used as power-to-heat technology in case of PV panel presence. Indeed, during hours
where the power produced by PV panels is not needed, it can be considered the use of
this power to supply an HP producing heat. This heat, if not required, could be anyway
stored more easily than electric energy that requires batteries (more expensive and
complex systems).

Figure 114 shows the state of charge of TES used as a buffer in the management of
thermal and electric demand.

Storage Charge
100%
80%
60%
40%
20% /
0% p—
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
h

Figure 114 Storage daily usage on the winter scenario

The currently used storage system shows a size probably over the real necessities of
this configuration. Therefore, smaller storage can be considered, even if as stated
before, the economic impact of thermal storage is almost negligible in this application.
The main limits on TES size are mostly related to space limitations.

e Summer scenario

Moving to the summer scenario, the management strategy suggested by W-ECoMP is
similar to the winter one, where the main goal is to follow the electrical demand (as no
electric storages are present). Respecting the proportion between winter and summer
presented by the trendlines in Table 26, the values of electrical demand for summer
period have been proportionally reduced moving from the winter one. This aspect,
looking at Figure 115, leads to periods when the electrical demand is lower than the
minimum mGT off-design. Furthermore, the heat demand does not suggest the use of
mGT coupled with HP. In this case the only solution is to feed the HP using the grid,
in orer to properly track both electric and thermal demand.
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Figure 115 Electric management in a characteristic summer day

Therefore, in this condition, it is necessary supplying the system purchasing electricity
from grid in order to cover the electric demand. The chance of having the Heat Pump
allows using more significantly the mGT and therefore with higher efficiency (closer
to design point). This aspect is also visible looking at the thermal management in Figure
116.
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Figure 116 Thermal management in a characteristic summer day

The summer scenario shows a larger use of the Heat Pump (in green) than what occurs
in the winter scenario. This aspect is linked to the chance of using more the mGT
(increasing the actual electricity demand of mGT) but also because, in summer period,
the COP of the Heat Pump is higher as result of the more intense solar radiation on the
facade panels.
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The TES state of charge, reported in Figure 117, confirms that the selected size of the
storage is significantly higher than the needs. The flexibility given by the use of Heat
Pump in terms of a proper management of both loads leads to a lower necessity of TES.
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Figure 117 Storage daily usage on the summer scenario

The described scenario could be completely different in case of PV panels installation for
HP supply. In that case the HP is strongly related to solar radiation, therefore its use is
particularly significant in periods with high solar radiation (large thermal power from the
panels and large electricity production from PV). Then, TES could be used to store the
intense heat production from the HP, especially in periods with low thermal demand.

2.4.3.1 Increased electric demand case study

From the results obtained before, it seems that the electric demand covered by the considered
energy hub can be increased. In fact, considering an increase of the electric demand it could
be possible to avoid minimum off the design and use more continuously the mGT at max
power (where its efficiency is higher).

Starting from the winter scenario, from Figure 118 it is possible to notice that the mGT is
strongly used because of the higher electricity demand. This aspect, considering also its CHP
operation leads to a really little use of the HP. The HP is indeed used to cover the heat
demand only when the heat provided by the mGT (and the storage system loaded by mGT)
is not sufficient.
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Figure 118 Electrical (left) and thermal (right) management in a winter scenario
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It is worth underlining the use of the HP at noon. Even if its use is not immediately necessary
to cover the heat demand, the HP is anyway turned ON since its COP is higher. The heat in
excess is stored, but it has been produced at high efficiency (higher HP’s COP due to
particularly hot conditions). In addition, it can be considered that the demand is higher than
the mGT size (100 kWe), in this case, it is necessary to occur at the grid to completely satisfy
the demand.

Moving to the summer scenario it is possible to see that, this time, the mGT can work
permanently over its minimum off-design. Therefore, there is no need to supply electricity
from the grid. Furthermore, thanks to the presence of HP, the real demand that the mGT has
to cover is higher, therefore its efficiency is increased.
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Figure 119 Electrical (left) and thermal (right) management in a summer scenario

The summer scenario, thanks to the good performances of facade panels, guarantees high
COP for the HP. Therefore, the HP is significantly more used. Also, in this case, it can be
noticed that, due to the absence of electrical energy storage, the management is focused on
following the electrical demand, minimizing the costs related to grid purchasing. On the
other hand, the presence of TES and HP allows having more degrees of freedom in the
management of both demands.

2.4.3.2 Economic analysis

The economic analysis is important in order to evaluate the costs and the performances of
the management proposed by W-ECoMP in comparison also with standard applications. The
comparison is done in terms of Levelized Cost Of Electricity (LCOE) and Levelized Cost
Of Heat (LCOH). The analysis is made on a yearly base, considering 6 months of summer
and 6 months of winter. Figure 120 shows a detail of the performances in terms of energy
demand, energy production and the costs related to the fuel consumption (0.92 €/kg of
Natural Gas). As expected, the costs related to the winter scenario are more significant since
energy production is higher if compared with the summer one.
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Winter (6 months)

El produced El demand Th produced Th demand Thermal dissipations
[MWh] [MWh] [MWh] [MWh] [MWh]
240.92 234.55 499.33 476.98 22.35

Cons. fuel [ton] Fuel Costs [€] Total Costs [€]
91.74 84,404.0 84,820.3
Summer (6 months)

El produced El demand Th produced Th demand Thermal dissipations
[MWh] [MWh] [MWh] [MWh] [MWh]

59.62 63.29 286.19 286.19 0.00
Cons. fuel [ton] Fuel Costs [€] Total Costs [€]
65.57 60,3254 61,562.7
TOTAL (year)

El produced El demand Th produced Th demand Thermal dissipations
[MWh] [MWh] [MWh] [MWh] [MWh]
300.54 297.84 785.52 763.17 22.35

Cons. fuel [ton] Fuel Costs [€] Total Costs [€]
157.31 144,729.4 146,383.0

Figure 120 Yearly operational costs detail

In order to analyse more in detail the different costs of this energy hub, interconnected to a
smart grid, Figure 121 summarizes all the involved costs used for the calculations of LCOH
and LCOE defined as follows:

Y.i(CapitalCosts; + O&M; + FuelCosts;)

LCOH =
Y..(ThProduction;)

Y.i(CapitalCosts; + 0&M; + FuelCosts;)

LCOE =
Y.;(ElProduction;)

Where i is referred to the years of the lifecycle.

The capital costs have to be considered specifically if are related to thermal or electricity
costs. In the case of a CHP unit such the mGT, since its main goal is to produce electricity,
its capital cost is mainly attributed to LCOE (70%). Anyway, in order to use the heat from
the mGT exhaust, a recuperator is needed: its cost is considered in the LCOH evaluation.
Solar facade panels and TES are, as well, part of the capital costs related to LCOH. For what
concerns the fuel costs, they are only related to the Natural Gas consumption of the CHP
unit. Considering that, over its thermal production, part of its electricity production is used
to supply the HP, around 70% of the fuel costs are considered in the LCOH calculation. The
global lifecycle of this system is considered to be 10 years.
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Cost mGT [€] 140,000.00 €
Cost mGT recuperator [€] 40,000.00 €
Cost HP [€] 6,000.00 €
Cost Solar Panels [€] 45,000.00 €
Cost Storages [€] 5,000.00 €
Years [anni] 10
Cl annual el [€] 14,000.00 €
C O&M annual el [€] 1,400.00 €
C fuel annual el [€] 57,891.77 €
Cl annuali th (€] 9,600.00 €
C O&M annual th [€] 960.00 €
C fuel annual th [€] 86,837.65 €
El energy produced [MWAh] 300.5
Th energy produced [MWh] 785.5
LCOH [€/MWh] 124.0
LCOE [€/MWh] 243.86

Figure 121 Voice of cost for LCOE and LCOH calculations

The obtained LCOH value is quite promising if compared with standard solar plants
(LCOH= 149 €/MWh [67]). The LCOE, on the other hand, is quite high if compared with
standard mGT applications (LCOE= 120 €/ MWh [68]). This is mainly due to the strong
partial load of mGT related to the limited electric load. This scenario leads to a not
completely use of the mGT that has the highest costs.

Considering the scenario with higher electric demand (see Figure 122), the calculation of the
LCOE gets lower. In this sense, it has to be considered to use as much as possible the most
expensive component (mGT) in order to properly depreciate its cost.

LCOH [€/MWh]  126.6

LCOE [€/MWh] 193.01

Figure 122 LCOH and LCOE for the scenario with higher electric demand

Considering the overall energy produced and the total costs, the levelized cost of energy can
be calculated. Depending on the considered electricity load supplied by the ENVISION
system, the calculated value ranges between 180 and 190 $/MWh. As reported in Figure 123,
this value is quite high if compared with the American Scenario taken as a comparison, it is
also worth noting that the cost of panels could decrease in the next future through a full
industrialization process.
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180-190 USD/MWh
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Figure 123 Levelized cost of energy for ENVISION system compared to alternative and conventional
energy systems [69]

2.4.4 Control algorithm for the Savona Demosite

This section is focused on the algorithm that will be implemented in ENVISION Southern-
Demosite. The control scheme that will be utilized for the considered application is a Model
Predictive Control (MPC). This kind of control will be generally described in a preliminary
section in order to understand the potential and also possible drawbacks of this choice; then
a dedicated section will be focused on how this control architecture will be set and designed
in order to match the Southern-Demosite needs.

2.4.4.1 MPC General Description

The MPC is a control-based architecture that utilizes an explicit model to predict the future
response of a system. This is achieved by a prediction horizon based on preceding and future
actuator commands. Implemented for many applications, the application of MPC in the field
of the smart grid has risen consistently in the last decade [70].

Model Predictive Controls depend on dynamic models of the process, most of the time linear
empirical models derived from system identification. MPC refers to a class of computer

124



control algorithms that use an explicit mathematical model to predict future system
behaviour. At each control interval, the MPC operates to optimize the future response of the
plant by computing a sequence of future manipulated variable regulations, over the predicted
horizon. Then, only the first input of the optimal sequence of control elaborated is delivered
into the system. The entire calculation is repeated at subsequent intervals of control.
Originally MPC has been developed to meet the specialized control needs of power plants
and petroleum refineries, while, it can now be found in a wide variety of application areas
[71]. Traditional feedback controllers operate, in response to a variation, by regulating
control action in the output setpoint of a system, while MPC is a method that focuses on
constructing controllers that can adjust the control operation before a variation in the output
setpoint actually occurs. Combining traditional feedback operation with this predictive
ability, the controller can operate smooth adjustments that are closer to the optimal control
action values.

Optimizar
Reference O Plant
— n

Pleant
rmedel

MPC Controller

Figure 124 MPC Controller Scheme

As Figure 124 shows, an MPC is a MIMO (Multi Input Multi Output) control algorithm that
uses a model of the system to predict the future behaviour of the system. A cost function
minimization is applied to find the best control action driving the predicted output close to
the reference. In the end, it can be stated that MPC implements the best control actions that
come from a minimization process involving a defined cost function. During the process of
minimization of the cost function, the system has to respect fixed constraints such as
technical specifications (e.g. minimum off-design). Figure 125 reports a schematic
description of the concept that stands behind MPC operation.
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Figure 125 MPC Concept description

The model implemented inside the MPC, predicts the output of the plant depending on the
manipulated variables. In order to guarantee that the output is close enough to the reference
over the prediction horizon, an optimizer is used for minimizing the J cost function.
Therefore, the MPC provides the sequence of manipulated variables that guarantees the
minimization of J, but only the first action will be actually implemented (the first in the
sequences of manipulated variable). Then the plant moves to the next time step, where it is
possible that the real plant output is different from what has been predicted by the MPC at
the previous timestep: this can be due by some unmeasured disturbance. At this point, the
MPC process begins again for this new time step.

In detail, the Prediction Horizon represents the number of samples in the future where the
MPC predicts the plant output. At the instant k, the MPC controller predicts the plant output
along the period k + Np. The choice of the prediction horizon affects the control behaviour;
in this sense, longer prediction horizons guarantee more robust, stable but slower control
behaviours. In particular, short Prediction Horizon reduces the length of time during which
the MPC controller predicts the system outputs. In this case, the MPC works more like a
traditional feedback controller. Differently, a long Prediction Horizon increases the
predictive ability of the MPC controller, but the performances get poorer due to extra
calculations.

The Control Horizon, instead, represents the number of samples within the Prediction
Horizon where the MPC controller can affect the control action. The main point of the
optimization problem is to compute a new control input vector, uk, to be feed to the system,
and taking into consideration process constraints. A short control horizon means more
carefully changes in the control action. A long control horizon means more aggressive
changes in the control action.
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The main drawback of MPC is that a plant model, for example, a model which describes
the input to output behaviour of the system, is needed. This model requires an easy form in
order to guarantee lean calculations (ideally linear models) and should produce accurate
predictions based on easily identifiable parameters. In practice, usually, simply data-driven
linear models are used. Considering that the most employed systems are a steady-state
estimation, fast transient response and mid-range response, the best solution is the simplest
model that gives accurate enough predictions, namely the capture of transient behaviour
(shape of response) in a range of 10-20% error that is acceptable due to feedback. For all
these reasons, the model assumed for MPC is a discrete state-space model as reported below:

{xk+1 = Axk + Buk (25)

Yk = ka + Duk

Where x, u, y denote respectively the state, input and output variables.

As explained before, in order to properly operate the control, a cost function minimization
process occurs. The cost function J is reported below.

N N
] = Z Wyi(ri - yi)z + Z WuiAuiz (26)
i=1 i=1

Where:

yi - i " controlled variable

ri : i " reference variable

ui : i " manipulated variable

wyi - weighting coefficient reflecting the relative importance of y;
Wi : weighting coefficient penalizing relative changes in ui

N: prediction horizon

So the basic problem is to solve:

9]
w0 @

Finding the set of u that guarantees the minimization of the problem, as reported in
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Figure 126 Optimization problem solution

The choice of weights strongly affects the control performances. It is, therefore, possible to
prioritize the respect of the setpoint tracking or to smooth changes of manipulated variables.
Depending on the relative values given to these weights it is possible to have different
behaviour of the control; the most the importance of wyi the quickest, but nervous, the control
behaviour.

All physical systems have constraints. There are physical constraints like actuator limits and
safety constraints like temperature and pressure limits. Finally, there are performance
constraints like overshoot.

In MPC constraints are defined for the outputs and for the inputs and their variations:

Ymin < y < Ymax (28)
Umin Su<s Umax (29)
Aumin <Au< Aumax (30)

An optimal control system is only optimal if it satisfies constraints. MPC embeds constraints
into the optimization, while most control strategies (e.g. PID) implement constraints as an
afterthought (saturation, overshoot).

Model Predictive Control is often used in addition to traditional control like PID
(Proportional Integrative Derivative). In large plants, MPC is used in addition to traditional
PID and it isn’t a replacement of them. MPC is used as an overall system, while PID
controllers are used as single-loop controllers. MPC is a more advanced method of process
control used for MIMO systems, while PID handles only a Single Input and a Single Output
(S1SO). The models used in MPC are usually intended to represent the behaviour of complex
dynamic systems. The additional complexity of the MPC control algorithm is not particularly
suitable for the control of simple systems, which are well regulated by PID controllers.
Typical dynamic peculiarities that are difficult for PID controllers are often referred to large
time delays and high-order dynamics. Another advantage of MPC is that cross-coupling in
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MIMO systems are taken into account in an optimal way. MPC is a simple method for
controlling MIMO systems.

2.4.4.2 Preliminary ENVISION MPC

In a preliminary phase, before an actual on-field control test campaign, basic control of mGT
and Heat Pump, in order to cover the electrical and thermal loads in the best way respecting
the intrinsic limitations of the system, has been developed. The setpoints are given by the
loads uploaded in Matlab Simulink representing two days for the hot and cold season. The
controller gives as output the electrical power required from the mGT (P_mGT) and the heat
required from the HP (Q_cond) through a predictive calculation developed on a state-space
system (representing the real model) implemented inside the controller. Figure 127 reports
the simplified state-space model implemented inside the MPC, representing the HP.

Heat Pump
Simplified discrete

—@
coP
B T = An+ B
X Yo Cug+ Dy

COP Maps

Xeur = Aty + Bty
(1} Yo = Cty + Dty

Q_demand

Figure 127 HP state-space model for MPC

The inputs of the model are the thermal demand (here reported as Q_demand) and the
temperature from the panels, actually a measured disturbance for the system. These two
parameters are inserted in COP maps, in order to estimate the COP of the HP in the expected
conditions. The main outputs of the system are then, the electric consumption of the HP
(reported as P_el) and the actual Heat Pump thermal production (reported as Q_prod). The
COP is also reported as a monitored parameter of the HP performances.

The matrixes of the HP states model are reported below and obtained from the linearization
of the simplified model described in 2.2.2.1:

Anp = [0%98 0.(;)98]
- 08

Chp = [_O'(())O25 0.0(())25]

Dyp = [8 8
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The mGT state-space model, indeed, is reported in Figure 128.

P_el_mGT
GTout
Tl = Axy + By
m ¥y = Cxy + Dy
El_dermand
AE T100
Q_prod_mGT

Figure 128 mGT state-space model

The input for this model is the electric demand (reported as El_demand), while the outputs
are the thermal and electrical production, respectively reported as P_el mGT and
Q_prod_mGT.

From previous activities of the author’s research group, it has been possible to obtain the
values for characteristic matrixes of the mGT state-space model, below presented.

1088 0
AmGT_[o.w 0.90

B,er = [0.612]
Cingr = [é 2

Dier = [8]

The MPC regulates the heat provided by the heat pump acting on the mass flow rate from
the DHN, while the PI control inside the HP guarantees the desired outlet temperature. The
temperature from the facade panels circuit (T_outPanels) is implemented as a measured
disturbance since it is a parameter that affects the HP performances (namely the COP)
without that it can be controlled by the MPC. The MPC implemented is schematically
reported in Figure 129.
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Figure 129 Case study MPC structure

Where Q_cond is the actual thermal demand for the HP and P_mGT is the actual electric
demand for the mGT. These two variables are the manipulated variables by the control
system (ui), while the outputs of the system (yi) are represented by the overall thermal and
electric production. The setpoints are represented by the energy loads.

The MPC has been implemented using Matlab Simulink MPC Toolbox that, with its user-
friendly interface, allows an easier setting of the weights. The relevance of thermal loads has
been considered more significant than the electrical one since that in this configuration no
thermal storages are considered. Therefore, the MPC weights have been tuned in respect of
these system requirements, by using Matlab Simulink MPC Toolbox.

The main constraints and setting for the developed MPC are reported in Table 30.

Table 30 Preliminary MPC parameters

Sample time 0.1
Predicted Horizon 100
Control Horizon 2

ymim ymax thErmaI -

ymin1 ymax eleCtriC -
Umin, Umax MGT 20, 100 kwel

Umins Umax HP 2, 20 kWth
Apyin, AUpmg, MGT -10, +10
AUpyin, Apyax HP -

wumGT 3.52
wy HP 3.52
wy thermal demand 0.068
wy electric demand 0.028

It is worth noting that, considering the quite fast maths behind this model, the use of a small
sample time does not lead to long calculations. The main constraints are related to the
employed machine size for both mGT and HP, it is worth noting that at this phase a
cautelative value of 20 kWth for the HP has been considered since that an evaluation on the
field of the HP performances has been possible. Variations in time are mainly limited to
mGT since its higher inertia.
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The results obtained for the summer period are reported as a significative example. This
period, indeed, is the period where the fagade panels are supposed to have a stronger impact
on the system.
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Figure 130 Electric (top) and thermal (bottom) system management

Figure 130 shows that, in compliance with the set weights, the thermal demand is well
covered and privileged respect to the electric one. Furthermore, it is worth considering that
the installed thermal capacity is not sufficient to guarantee a complete tracking of the thermal
demand in the early morning peak. Indeed, as Figure 131 confirms, the system manipulated
variables in that period reach their maximum constraints. This aspect, connected to the not
really accurate tracking of the electric demand, suggest a need for thermal storage.
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Figure 131 MPC controlled variables

Considering the variables manipulated by the system, some slight differences can occur
moving to the operation of the actual system. Figure 132, indeed, shows the real thermal
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production for both mGT and HP. At this control stage, it has not been implemented any
particular priority to the use of mGT or HP, therefore the thermal demand is equally split
between the HP and mGT depending on their max size selected for this application.
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Figure 132 HP and mGT actual thermal production

This preliminary control suggests the need for improvements, in order to be able to analyse
more in detail the actual system that will be installed in Savona Campus. To do that, some
upgrades have been developed, in order to be implemented, tested and tuned during the
experimental campaign, where data will be available and collectable.

2.4.4.3 ENVISION MPC upgrades for experimental campaign

In the context of ENVISION, it will be necessary to implement a more detailed control, able
to manage also economic aspects and not just a load tracking. In order to reach this ambitious
goal, it is necessary to upgrade the developed MPC, building an advanced MPC. This
advanced MPC takes care of system economics, together with energetic aspects. The proper
management of this system is particularly useful considering the interface of an “ENVISION
system” with a DHN, having the chance of buying or selling both thermal and electricity to
their associate grids.
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Figure 133 Advanced MPC description for ENVISION system

This advanced control requires the implementation of an additional block, in charge of
calculating the variable cost of the system via a so-called market function. This market
function is then given as an input to the actual MPC that will manage the system considering
also the minimization of this additional input, as reported in the layout of Figure 134.

Figure 134 ENVISION advanced MPC layout in Matlab Simulink

With this upgrade, the MPC will be able to consider also economic aspects tanks to an
additional cost function. The first step (Market Function) generates a new input to be
minimized for the following MPC controller. No models are present inside this first step and
its flexibility helps to manage different problems. Considering the ENVISION context,
where a poly-generative smart grid is present, the point is to find the best compromise
between economics and demand-supply.
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The market function C implemented in the first step of the control system is one reported
below:

C = cgmp; + Ceieria,Pricria; T Cthoun,Praoun; — Ceisei; Peisely; (31)
— Crhsei; Prusen; T Cres; Pres;

Where c; are the costs related to the i" period. These costs are related to the fuel consumption,
to the electrical and thermal purchasing (from Grid and DHN), to the selling price of thermal
and electrical power and to the TES charging or discharging process. In order to maintain
the chance of having good system flexibility, the Storage charging process will be privileged
when close to the empty state, while the discharging process is privileged when the Storage
is almost full.

Thanks to the implementation of this market function, it will be possible to have an optimized
control that focuses not only on the tracking of thermal and electrical demand, but that
considers an optimization in terms of costs and, therefore, efficiency. Thanks to this
approach it will be also possible to improve the environmental aspects moving towards more
green management of the system, implementing also costs related to system emissions. It is
worth to underline even in this phase, that the DHN temperature of 75°C is guaranteed by
the PID control implemented inside the HP model. For what concerns the mGT, this
condition is guaranteed intrinsically by the machine specifications.

In order to tune and set up properly this advanced control system, a properly validated model
is needed. Therefore, the developed model of the plant, presented in section 2.2 has to be
validated during the on-field campaign once that the installation of ENVISION components
will be completed, especially for what concerns the prototypal Heat Pump. These validated
models will be then used to properly emulate the plant behaviour, while a state-space model
derived from the complete model will be implemented inside the MPC. After the finalization
of the detailed definition of all the controller component, a detailed tuning of the control
system will be performed, both at software and plant level, using as a guideline the results
obtained from the W-ECoMP analysis presented in the previous sections.

Since that represents a reference, it is really important to know the thermal and electrical
demand profile in advance, giving to the MPC the chance to optimize the cost function over
the prediction period. In this sense, the idea is to have in advance, from the central
management of the Smart Grid the indication of the loads that they will expect to be satisfied
by ENVISION machines in the next day. These profiles will be used as a reference for the
control of the plant via MPC. Some little adjustments could be implemented in real-time.

2.5 Preliminary test campaign
In order to properly install the technologies included in the final Southern Demo, some
renovation works are needed at Savona Campus. The pandemic of COVID-19 has caused
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some little delay in the bureaucratic procedure for the permit to start the work. In this sense,

it is expected the beginning of the work at the beginning of 2021, having the site ready for
the first half of 2021.

In the meanwhile, some preliminary evaluations of panel performances have been done
installing four panels in Savona Campus as shown in Figure 135.

Figure 135 Preliminary Demo at Savona

Two panels are connected in series and two in parallel in order to understand which
configuration performs better. To do that, sensors have been installed evaluating the
temperatures and mass flow rate. The layout of the preliminary demosite is reported in
Figure 136.

Insulated

Figure 136 PreDemo layout
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Where in yellow are reported the sensors used for the monitoring of the system temperatures.
The selected sensor probes are PT 100, a detailed view of the sensors installed is reported in
Figure 137.

PT 100 Temperature sensor

~

Figure 137 Temperature sensors detail

The heat capacity of the installed system is quite small; therefore, it has been decided to
dissipate the heat produced in ambient via a forced ventilation small heat exchanger.
Furthermore, the different performance between a panel with insulation on the back, and a
standard panel has been evaluated.

The first main positive feedbacks from the test-rig activities refer to the easy installation
technique and the low weight of the panel. On the other side, in terms of an actual residential
installation, with high TRL, an improvement in terms of aesthetic it has to be considered.
Indeed, since the piping and hydraulic system results quite voluminous, a properly coverage
of these components could guarantee a better aesthetic impact.

It is also worth noting that, at this preliminary phase, it has been decided to evaluate the
impact of insulation in the back of the panels in order to avoid thermal dissipations. During
the development of ENVISION facade panels, the suppliers proposed to do not insulate the
panels in order to enhance the heat exchange area with the external air, in order to guarantee
an heat absorption from the external ambient, even in case of zero solar radiation. In this
configuration, the connected HP could be then considered kind of air-to-water HP. The
performances of insulated or not insulated panels will be therefore one of the main results of
this preliminary test campaign.

The main interesting results are reported in the following lines. It can be noticed that the
working temperature of the solar panels are quite high, therefore, considering the efficiency
curves presented in Figure 54, the expected efficiency of the panel in this application is
limited. In order to improve the efficiency of the solar panels, a higher thermal load should
be connected to the panels. At this stage, the aim was to test the panels at high temperatures,
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since are a requirement in order to properly manage the ENVISION system in
interconnection to the Savona Campus DHN.

The first results reported are referred to data acquisition in a summer morning, August.
During this period, the Savona Campus was closed, therefore it has not been possible to
acquire their solar radiation measurements. In order to solve this issue, data provided by
SOLCAST has been used as a reference for this period [72]. The environmental data
provided by SOLCAST are reported in Figure 138, where wind conditions, solar radiation
and ambient temperatures are shown.
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Figure 138 Ambient conditions for morning August day by SOLCAST

Figure 139 shows the inlet and outlet temperature of the panels during data acquisition in a
summer morning. As highlighted in yellow, in some periods, where the solar radiation
decreases (mainly due to cloud presence), the outlet temperature of the panels gets equal or
lower than the inlet one. This condition means that the panel is dissipating more heat than
the one absorbed by the solar radiation.
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Figure 139 Temperature trends for the panels during August morning

Anyway, looking at the performances of the insulated panel (Panel C), the presence of
insulating material on the back of the panel allows a minimization of the cited thermal
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dissipations. Therefore, the outlet temperature of the panels still remains higher than the inlet
one. The cited aspects in terms of temperature are confirmed by the results shown in Figure
140, where the heat produced by the panels is reported.
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Figure 140 Heat produced by ENVISION panels, August morning

It is worth to underline that the insulated panel has more constant behaviour, allowing to
avoid thermal dissipations in ambient when the temperature in the panels is higher than the
ambient one. Generally speaking, it can be considered that, for a South-East oriented fagade,
each panel (around 2 m? of surface) produces not more than 200 Wth at the temperature of
50°C.

In addition, considering the series-parallel configuration, the experimental data confirms
what has been performed by model simulations in section 2.3.1. The panels installed in
parallel configuration (C-D) seem to perform worse than the series ones (A-B). Anyway, it
is worth noting that this evaluation could be also affected by different shadowing occurring
on the two different sides of the facade.

Analysing the conditions in the afternoon of the same day, from the values provided by
SOLCAST and reported in Figure 141, it is highlighted a decrease of solar radiation moving
to the late afternoon hours.
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Figure 141 Ambient conditions for afternoon August day by SOLCAST
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This aspect is reflected in a decrease of panels temperature, moving from 50°C to almost
35°C, as reported by Figure 142.
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Figure 142 Temperature trends for the panels during August afternoon

Furthermore, the only panel that is still able to produce heat is the insulated one (Panel C),
while the others, with outlet temperatures lower than input ones, perform thermal dissipation.
This aspect can be confirmed looking at the heat production, reported in Figure 143, where
only the green line (related to Panel C) still maintain a positive heat production. The lower
solar radiation, reported by SOLCAST data, is anyway converted in lower heat production
also by Panel C.
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Figure 143 Heat produced by ENVISION panels, August afternoon
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After the detailed description of the two different periods developed for an August day, a
global daily analysis is provided for September. In this month, it has been possible to have
access to the solar radiation data collected by Savona Campus (Figure 144).
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Figure 144 Daily Ambient conditions for September, SOLCAST data (left), Savona Campus data

(right)

It is worth underlining that some differences are present comparting the data mathematically
estimated by SOLCAST, and the actual data collected by Savona Campus. In this specific
period, the calculations provided by SOLCAST underestimate the solar radiation.

The collected data from the experimental campaign are then reported in Figure 145.
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Figure 145 Temperature trends for the panels September day
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The provided general overview shows that the panels, depending on the variation of solar
radiation, work with temperatures varying between 35 and 55 °C.

For what concerns the heat production, Figure 146 shows the collected data and elaborated
data.
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Figure 146 Daily monitoring of panels heat production in September

Due to on-site shadowing, beginning from the first hours of the afternoon, the heat
production decreases significantly. This aspect has a relevant impact on the performance of
the panels. The insulated panel (Panel C) avoids thermal dissipations also in the late
afternoon, while the others are more affected by solar radiation changes. On the other hand,
comparing the two red panels installed (Panel A and Panel C), the panel A performs better
because of the two aspects mentioned above: series interconnection and less shadowing on
that side of the building. In order to evaluate the harvesting performances of the system and
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not only the pure quantities of heat produced, the efficiency of the panels is calculated based
on the following equation:

Panel Heat Power

E . . — 32
fficiency SolarRadiation * PanelArea .

The results are then reported in Table 31.

Table 31 Panels efficiency

Average Daily

Panel Efficiency Peak Efficiency
A 10% 28%
B 5% 24%
C 4% 9%
D 2% 10%

Comparing the efficiencies of the two panels on the western side of the facade (Panel A and
Panel B) they present higher efficiency than the ones on the eastern side (Panel C and Panel
D). This aspect confirms what has been stated previously regarding the series
interconnection benefits but also the better radiation conditions on the western side of the
facade.

For what concerns a comparison between black and red panels, interesting conclusions can
be made. Looking at the series interconnection, since the black represents the second
member of the scheme, higher temperatures are expected in its inlet and therefore lower
efficiencies. Therefore, despite the black colour, in the same conditions, guarantees higher
efficiency; the different working temperature due to the series interconnection decrease its
efficiency if compared with the red one.

Moving on the parallel interconnection, the inlet temperature of the two panels is the same;
in this case, then, higher efficiencies are expected for the panel with the most performant
colour (black, Panel D). Nonetheless, the presence of insulating material on the back of the
red panel (Panel C) guarantees better performances, with an average efficiency higher than
what has been measured for the black one.
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3 A maritime application of Distributed Generation

As reported in Figure 18, transport is one of the most energy-demanding sectors in Europe.
In this sense, the need to pollutant emission limitations requires a significant effort for re-
thinking an innovative way for the production of energy in this context. In order to apply the
benefits of Distributed Generation in transport, the only sector where DG is applicable is
represented by maritime applications, thanks to the large volumes and consumptions. In the
world of transportation, the maritime sector has been able to evolve steadily, showing its
competitiveness to transportation systems introduced in global trade in more recent times.
Modern ships have progressed in terms of efficiency and safety, allowing for a reduction in
the time required to travel along intercontinental routes.

Compared to alternative transport systems (road, rail, air), shipping is more efficient and
allows for the cost-effective transport of goods of all kinds in large volumes to major trade
destinations around the world. With 11 billion tons of goods transported by sea in 2018 [73],
the maritime sector has reconfirmed its essential role in the world market, accounting for
about 90 per cent of global trade [74]. Figure 147 shows the relevant results obtained in
terms of emissions by the maritime sector when compared with other sectors.
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Figure 147 Transport sectors comparison [75]

The world marine fleet is mainly equipped with marine diesel engines, whose qualities are
well suited to the maritime application. In particular: their insensitivity to ship movements
and resistance to the marine environment makes them reliable systems; furthermore, they
are efficient and easy to maintain. The durability of their components makes diesel engines
long-life systems and thanks to their good power density it is possible to save precious space
on board. At the same time, Internal Combustion Engines are characterised by the good
response to load variations and their contained operating costs. With the gradual introduction
of technologies such as exhaust gas turbocharging and the common-rail system, these
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engines have evolved over time and have become the most widely used solution in marine
applications, leaving sporadic and specific fields of application to steam turbines, gas
turbines and nuclear power plants.

The maritime sector refers to the International Maritime Organisation (IMO), a United
Nations body that regulates maritime traffic through a series of regulations that promote safe
and environmentally friendly transport by sea. The task of ensuring that these regulations
are observed is delegated to governments and local institutions.
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Figure 148 IMO Logo

Recently, public opinion and authorities have become more responsive to environmental
Issues. In a scenario where industrial realities are optimizing their processes to reduce their
impact on the environment, the maritime sector has started to take similar measures in order
to maintain its competitiveness in the face of alternative transport systems. The IMO
Congress on pollution prevention (known as MARPOL, standing for Maritime Pollution) is
the main body that regulates ship-related emissions. The MARPOL Annex VI document,
which became effective in 2005, was created to limit SOx and NOx emissions globally [73];
previously agreed limits were revised in 2008 and introduced in 2010 [74]. In recent times,
geographical areas known as Emission Control Areas (ECAs) have been defined, where only
vessels that comply with even more stringent emission limits, also established by MARPOL
Annex VI, are allowed to navigate. Figure 149 shows the current and potential ECAs.
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Figure 149 ECAs and potential ECAs [76]
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The following are the restrictions currently in place to reduce SOx and NOx emissions. On
January 1, 2020, the maximum globally permitted sulphur content in marine propulsion fuels
was reduced from 3.5% by mass to 0.5% by mass. In SECAs (Sulphur Emission Control
Areas), the sulphur content allowed in fuels from January 1, 2015 cannot exceed 0.1% by
mass: vessels can navigate in these regions if they use sulphur-reduced fuels or are equipped
with the appropriate exhaust after-treatment systems (scrubbers) [73]. SECAs already
established involve the Baltic Sea, the North Sea, the U.S. and Canadian coasts, the seas
around Puerto Rico and the U.S. Virgin Islands [76].
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Figure 150 SOx limitations [73]

MARPOL Annex VI sets limits for nitrogen oxides emitted by marine diesel engines over
130 kW [73]; these limits depend on the engine speed and the date of ship construction.
Manufacturers now refer to the IMO Tier Il regulations, which apply to vessels constructed
after January 1, 2011. If the vessel crosses a NECA (NOx-Emission Control Areas) zone, it
is necessary to comply with the more stringent IMO Tier |11 regulations, which apply to ship
constructed after January 1, 2016. Currently, NECA zones established worldwide include
the North American coast, the waters of Puerto Rico, and the U.S. Virgin Islands.

Tier 1 (Global for existing “pre-2000” engines.)

10 e ——

NOx Limit (g/kWh)
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4
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Figure 151 NOx limitations [73]
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The reduction of SOx and NOx emissions is proceeding in parallel with the adoption of new
policies aimed at reducing greenhouse gas emissions. To measure CO> emissions associated
with international ship traffic, the IMO has commissioned three data collection campaigns:

e The first study, conducted in 2000, estimated that ship traffic in 1996 contributed
1.8% of anthropogenic CO2 emissions.

e From the results of the second study, published in 2009, carbon dioxide emissions in
2007 came to 880 million tons, accounting for 2.7% of CO, emissions from human
activity.

e The third study, conducted in 2014, updated the estimations made by the previous
emissions study, raising them to 885 million tons of CO: (representing 2.8 per cent
of annual anthropogenic emissions); the third study also estimated emissions of 796
million tons of CO; in 2012, representing 2.2% of carbon dioxide emissions from
human activity.

In 2011, MARPOL Annex VI was updated by including new requirements for ship energy
efficiency: the Shipping Energy Efficiency Management Plan (SEEMP) and the Energy
Efficiency Design Index (EEDI) are measures that came into force in 2013 with the aim of
optimizing the operational profile and design of commercial ships to increase their carrying
capacity [74]. This constitutes the first step taken by the maritime industry towards lowering
carbon-based emissions.

In April 2018, the IMO approved a preliminary plan setting new targets for reducing GHG
emissions that, considering also the expected increase of vessels in the future, aims to:

e reduce CO- output per unit of work by at least 40% by 2030;
e reduce CO; output per work unit by at least 70% by 2050;
¢ halve total carbon dioxide emissions by 2050 in respect of 2008 measurements.

Units: GHG emissions

Business as usual
GHG emissions

IMO GHG emission
strategy

2008 2020 2030 2040 2050 within 2100

Figure 152 COz emissions limitation trend by IMO regulations [74]
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3.1 GEI Project

In the described scenario, Fincantieri funded the GEI project (Generazione Elettrica
Innovativa) in collaboration with CNR (Centro Nazionale Ricerche) and University of
Genoa [77]. This project is focused on the development of innovative solutions for the
generation, distribution and management of energy onboard ship via the application
distributed generation approach. The aim of this project is to guarantee the optimization of
energy efficiency and environmental sustainability, maximizing the payload and increasing
the reliability of the energy system.

The selected vessel for this activity is the Royal Princess cruise ship.

Figure 153 Royal Princess cruise ship

The main characteristics of the selected vessels are resumed in Table 32.

Table 32 Royal Princess main characteristics

Overall Length 330.01 m

Beam waterline 38.4m

Overall Beam 47m

Draught 8.5m

Gross tonnage 142°714
Capacity 3600 passengers
Passenger lower beds 3560

Overall beds 4200

Cruise speed 22 kn

Max speed 22.9 kn

Safe return to port speed 7 kn

MS Royal Princess is a cruise ship operating for the ship owning company Princess Cruise
and is the third ship to sail for the company under this name. The ship was built by Fincantieri
S.p.A at its shipyard in Monfalcone, Italy. Princess Cruise ordered the Royal Princess unit,
as well as its sister Royal Princess on February 17, 2010, and the final contract was signed
on May 4, 2010. The hull was launched in August 2012 and the ship was delivered to the
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owner company in spring 2013.

The vessel has a large number of decks, most of which are accessible to the ship's paying
passengers; it also offers a wide variety of on-board services for leisure and entertainment
purposes. As required by safety regulations, the Royal Princess ship is divided longitudinally
into Main Vertical Zones (MVZ), based on SOLAS fire requirements. As regards the ship
under analysis, the seven MVZs identified by the progressive numbering 1-7 starting from
the bow have been considered. For the sake of completeness, MVZ 0 is also mentioned,
located at the extreme bow, which was not considered for the study of distributed electrical
generation. Vertically, the ship is developed on a total of 19 decks from the building line.
Passenger cabins are mostly located on the high decks, as are public spaces dedicated to
hotel services. Crew quarters and technical rooms are mainly located on the lower decks,
with engine rooms located aft.

The integrated electric propulsion system consists primarily of the following parts:

e Diesel generator sets, in an adequate number and size to meet the required
performance of the propulsion and all ship and operational services;

e Integrated command and control system of the platform for unmanned engine rooms;

e Auxiliary systems to propulsion (water, oil, fuel, compressed air, hydraulic)
complete with pipes, valves and accessories;

e Engine apparatus room ventilation systems;

e Two fixed blade propellers driven by electric motors;

e Three transverse bow thrusters with variable pitch driven by electric motors;

e Three transverse aft propellers, driven by electric motors;

e Two main electric propulsion panels.

Entering into the specifics (see Table 33), the unit currently has installed on board 4 Diesel
engines produced by Wartsila (Model: 2 x 12V46F and 2 x 14v46F), with a total installed
power of the ship is 62400 kW. The propulsion is entrusted with to 2 electric motors built
by VEM for SAM Electronics connected to fixed-pitch propellers, for a total energy
requirement of 18000 kW per axis.

Table 33 Engines on board

Diesel Engine Wartsila 12V46F 2 x 14.4 MW
Diesel Engine Wartsila 14V46F 2 x 16.8 MW

Total Diesel Generators 62.4 MW
Electric motors SAM Electronics 2 x 18 MW
Total Electric propulsion 36 MW

The analysis of the vessel energy consumptions, provided by Fincantieri, suggests that the
size of the distributed generation units will have as reference power from a maximum of
about 7.5 MW to a minimum of 4 MW (considering medium and low voltage users for Hotel
Services). The difference is given by the presence or absence of the air conditioning system
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among the services to be provided. Other configurations can be considered between these
two scenarios.

In order to supply this load with distributed generation, according to with the electrical
scheme developed (reported in Figure 154), it has been decided to install nine modules of
800 kWe and distributed as reported in Table 34.

Figure 154 Electrical scheme for DG on board

Table 34 Units distribution on board

MVZ 1 800 kW
MVZ 2 800 kW
MVZ 3 800 kW
MVZ 4 800 kW
MVZ5 800 kW
MVZ 6 2x800 kW
MVZ 7 2x800 kW

With the aim of producing both thermal and electrical power in a distributed generation
approach, the considered technologies are: micro Gas Turbine fuelled by Liquid Natural Gas
(LNG) and PEM Fuel Cells fuelled by Hydrogen.

The analysis of these technologies, considering the mentioned application, has to take into
account energetic and economic aspects but also footprint and weights. Indeed, in the case
of maritime application, the minimization of occupied volumes is fundamental in order to
guarantee room for the payload; furthermore, huge weights lead to intensive fuel
consumptions.

3.1.1 Micro Gas Turbine with LNG

The first of the different solutions proposed in this analysis relies on a system of gas-fired
micro-turbines, installed in varying numbers in each MVZ, for the entire Distributed Electric
Generation (GED) of the hotel services. The microturbines are fed directly by LNG, without
any preliminary treatment (e.g. reforming). One of the main advantages in the use of this
configuration is the flexibility of the plant as it is able to modulate well the load curve of the
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energy required by the hotel services and it is possible to track the peaks of this demand with
a very fast response of the generation system. This leads to a saving of weight since there is
no need for energy accumulators, such as battery packs. In addition, the small size of the
turbines themselves and their low weight/generated power ratio allows a more flexible
installation even in small spaces. The main disadvantage of this type of installation is the
high demand for combustion air and cooling air required by the individual turbines, which
results in ventilation and exhaust ducts of significant size: it is, therefore, necessary to
carefully evaluate the positioning of the system on board the ship. It should be noted that
distributed generation will supply only the utilities connected at low voltage (690V and
below) while the utilities connected at high voltage (11kV) or linked to non-hotel services
will be supplied by the dual-fuel diesel engines installed on board.

3.1.1.1 mGT description

Determined the size of the electrical generation units, it is necessary to choose among the
products on the market the most suitable for the installation needs. The choice has fallen on
the 800 kW Capstone microturbine, model C800S powered by LNG. The turbine in question
is composed of 4 elements of 200 kW each combined within a single container of 65.3 m3
volume, with a length of 7.5 m, 3.0 m wide and 2.9 m high. The weight is 14100 kg with an
electrical efficiency of 33%. The technical specifications have been collected in Table 35
[78].

Table 35 mGT Capstone 800s technical specifications

Capstone C800S

Nominal Power kw 800
Nominal efficiency - 0.33
Exhaust temperature °C 280
kg/s 5.300
Exhaust mass flow rate sm¥s 4.402
. kgls 5.249
Air flow rate sms 4.360
Overall energy production (180 hours) MWh 144
Weight ton 14.10

Width m 3.00

Length m 7.50

Height m 2.90
Area m? 22.50
Volume m3 65.25

For the sizing of the LNG storage tanks intended for hotel services, the same autonomy of
180 hours (7.5 days) has been chosen as assumed for the propulsion units. The basic idea is
to have separate tanks from those intended for propulsion for a question of availability of
the plants, compatibly with the available volumes on board the ship. The LNG consumption
of each of the 9 microturbines is 230 g/kWh and therefore the gas requirement for 9 units
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totalling 7.2 MW was 637.7 m3 for 180 hours of continuous operation. Table 36 summarizes
the data used and the calculations made for sizing.

Table 36 LNG tanks dimensioning

Capstone C800S
Consumptions [g/kWh] 230
Single unit power [kW] 800

Overall Power [kW] 7200
Autonomy [kg] 298080
Density [kg/m®] 467.4

Total LNG volume x 9

mGTs [m3] 637.7

3.1.1.2 Storage system description

The technology currently available for the construction of adequate LNG storage tanks
allows for several different solutions. Usually, they are double-membrane tanks with
efficient insulation obtained in different ways, but basically, the gas is stored already in a
liquid phase at a very low temperature and lower than its evaporation point. Despite the
efficient insulation of the tanks, they are not able to keep the gas entirely liquefied, but a
certain amount of heat can pass through the membrane causing an increase in the internal
pressure of the tank which in turn favours the evaporation of a part of the gas. This
phenomenon is commonly called "boil off" and requires a dedicated recovery and treatment
plant. In fact, to allow optimal management of the internal pressure of the tank, the boil-off
steam must be extracted from the tank and used directly or liquefied again and reintroduced
inside. This phenomenon cannot be completely eliminated with current technology, but only
reduced in its frequency by using pressurized tanks with different geometric shapes.

The challenges that current technology faces for LNG storage and transport are:

e the low temperatures required, which in turn require:
e special construction materials such as stainless steel and aluminium;
e special types of insulation;
e special provisions to avoid shrinkage of the case.

o the ease of combustion, the volatility of the gas and the related safety measures to be
taken;

e the large volumes of the crate;
e the location on board of the LNG containers.

Usually, the tanks intended for LNG are classified into two different types:

e Membrane crates: They are tanks that make the best use of the space available, but
in addition to the primary containment membrane made up of the tank itself, they
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also require a complete secondary membrane to prevent any gas leakage. Therefore,
they have a nitrogen containment system and gas detectors located in each insulated
space. A schematic of a membrane-type enclosure is shown in Figure 155. They
present benefits like a greater volume of LNG stored via a reliable technology;
furthermore, the LNG bunkering takes place at very low temperatures and this allows
a higher energy per m? of gas loaded. On the other hand, this kind of storage has a
high frequency of boil-off and need for adequate treatment plant with annexed high
production costs [79].

Figure 155 Membrane LNG tank

metallic low-stressed primary barrier (corrugated stainless Primary barrier Secondary barrier
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Figure 156 Membrane LNG tank description

Membrane tanks are structural, i.e. they contribute to the strength of the ship, on the
contrary, the so-called "independent tanks" are not structural elements but are
completely independent of the structures of the ship and are inserted inside them. The
design of the LNG tanks for propulsion is inspired by the design of the holds of gas
tankers now commonly used for the transport of liquefied gas.
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e Independent tanks: they can be divided into three categories, namely Type A, B
and C. The latter is the most common type of tank in LNG-fuelled vessels. Type C
tanks have a cylindrical shape and are the only ones that allow high internal pressures
to be reached, up to a maximum of 20 bar. They operate typically at around 5 bar,
allowing the gas to be sent directly into combustion engines without the use of
dedicated pumps. They can be installed both in the horizontal and vertical position
and both types are subjected to accurate testing of fatigue strength. They do not
require secondary protection like the other types of tanks described, as they have the
typical structure of concentric shells: they consist of an inner vessel containing the
liquefied gas installed inside a second outer vessel to prevent leakage. The two
casings are made of austenitic stainless steel, while the space between the two shells
Is insulated either with insulating materials, such as perlite or kept under vacuum.
They present many advantages since representing standard storage, they allow an
increase of pressure without the need for special external containment systems;
furthermore, they have excellent insulating properties and guarantee an easy
installation to bunk. On the other hand, they are very space demanding for their
installation [79].

They are produced in cylindrical or bilobed form, depending on space requirements
and placement on board. The valve system and the pressure and temperature control
system must be placed inside a suitably insulated and insulated "pre-tank™ room that
must be added to the occupied volume as it is directly connected to the box itself. In
Figure 157 is represented a scheme of cylindrical Type C case with relative pre-tank.

Inner tank —
e
Annular space, Tank Connection
Perlite / Vacuum Space
insulation
f ™

Quter tank

Figure 157 Type C LNG tank layout

Figure 158 illustrates a section of bilobed Type C tank; it can be considered as formed two
cylindrical type cases connected on their longest side [80].
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Figure 158 Bi-lobed LNG Tank Type C

Considering the use of Type C tank, the 637.7 m3 of liquefied gas needed to supply the
distributed generation for 180 hours must be placed inside 3 bilobed boxes with the
following dimensions: 14 m in length, 6.4 m in total width and 3.2 m in height (1.6 m is the
size of the cylinder radius).

3.1.2 PEM Fuel Cells with Hydrogen

The second proposed configuration sets the stage for a future evolution away from the
systems traditionally used in power generation on board ships [81] [82] [83]. Fuel cell (FC)
technology is considered one of the most promising technologies for the production of
electrical energy because of the large number of possible applications and because it has the
energy and environmental characteristics that make its use advantageous. Fuel Cells allow
converting the chemical energy contained in a fuel directly into electrical energy by
exploiting the electrochemical reaction that takes place inside them. This involves a series
of advantages that involve different aspects:

e Fuel cell system is independent of the intermediate thermodynamic
transformation and consequently from the relative constraints characterizing
the thermodynamic cycle of Carnot. This would allow obtaining a conversion
efficiency theoretically higher than those of conventional thermal machines.

e The purely electrochemical nature of the transformation allows the
elimination of moving elements (except for auxiliaries) and this translates
into a reduction of noise and vibrations produced by the system, to the benefit
of passenger comfort.

e Electrical energy is produced by reacting oxygen contained in the air with
fuel, typically hydrogen, obtaining electricity and water as products.

e The chemical nature of the conversion allows the reduction or elimination of
NOx, SOx, CO2 and particulate matter (PM) emissions. From the point of
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view of eco-sustainability, the advantage offered is substantial, especially
when compared with current Diesel engines.

e The efficiency of the cells is not very sensitive to variations in electrical load
and is independent of the installed power.

3.1.2.1 PEMFC description
A brief description of Fuel Cells typologies and characteristics has been provided in section
1.2.2.2. From this analysis, it can be summarized that, among all the available Fuel Cell
technologies, low-temperature PEM Fuel Cells can be considered the most suitable and
reliable for short term use in a maritime application; representing the most developed,
efficient and least costly to produce and maintain technology. PEMFCs have already been
used in numerous automotive applications, as well as on the German passenger ship
Alsterwasser (96 kW module) and the German 212A class submarines (multiple modules of
30 to 50 kW each). PEMFCs use carbon-based electrodes on which a catalyst consisting of
platinum or its alloys is dispersed. The electrolyte is a humidified polymeric membrane with
high proton conductivity, which acts as an electrical insulator but at the same time allows
the passage of only hydrogen ions (H+). The operating temperature must be between 60°C
and 100°C, as higher temperatures would not allow keeping the polymeric membrane humid,
preventing its proper functioning. In the specific case of PEMFCs hydrogen (H) and oxygen
(O) are reacted to produce water (H20) heat and electricity. The produced water is exhausted
at the cathode together with the excess air. Compared to other types of fuel cells, PEMs have
a number of advantages such as high power-to-weight ratio, low operating temperature,
reduced start-up time (minutes), the relative simplicity of construction, low requirements on
the materials used in its structure, absence of corrosion problems and discrete durability over
time. The low operating temperature is a benefit in terms of installation, safety and transport,
but at the same time, it is a source of some disadvantages, such as poor tolerance to the
presence of CO in the fuel (allowed content <10ppm) and difficult thermal integration
between fuel treatment system and stack. The efficiency of this system is between 0.5 and
0.6 with the possibility of recovering heat from the produced water, even if it can be
considered a low-value heat due to the low operating temperatures. A schematic of the
operation of a low-temperature PEMFC is shown in Figure 159.

086 Volts

Hydrogen +  Air
.
1 *
Nitrogen +Water
Anode Cathode

H, 5 2H' + 2e~ Electrolyte 0, +4H' +4e~ — 2H,0

Figure 159 PEMFC schematic of the operation
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PEMFCs are composed of an anode, where the oxidation of hydrogen occurs, and a cathode
where the reduction of oxygen occurs. Physically, these two elements are assembled to form
the so-called MEA (Membrane Electrode Assembly). In the stack, the MEA assembly is
arranged between two bipolar plates, except for the first and last cells in which the external
plate is in contact with a single electrode. The bipolar plates have several functions [84]:
provide electrical connections between cells, distribute the gaseous flow of fuel and oxidizer
to the single electrodes uniformly, remove water produced by the reaction and allow
effective heat dissipation. The bipolar plate consists of a single material on which the gas
channels are machined, usually monolithic graphite, or carbon resins or metal-impregnated
graphite. Figure 160 shows the assembly diagram of a stack.

Membrane Electrode
N i Vs Assembly

Gas Flow Channels

ElectroPhen
Endplate
ElectroPhen

Bipolar Plate f
Repeat Unit

Figure 160 Structure of a PEMFC Stack

If an alternative fuel to hydrogen is to be used in this type of cell, it must be previously
converted before entering the anode. For hydrocarbons, this implies the use of a separate
reformer and a system of pre- and post-production filters that complicate necessarily the
entire electrical generation system making it less competitive for a maritime application. In
the latter case, the Fuel Cells not only produce water as a waste substance but also carbon
dioxide (COy) as a result of the reforming action to which the fossil fuel must be subjected.
The only way to overcome this problem is the direct loading of hydrogen into the tank.
Therefore, considering the need to provide a promising and efficient solution for the
maritime application, in this analysis it is considered only the application of PEMFC directly
fuelled by Hydrogen, without the need of a reforming process, as reported in Figure 161.
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Figure 161 PEMFC fuelled by H2 layout

The distributed generation to be implemented on board the Royal Princess requires 800 kWe
generating units in each MVVZ 1 to 5 and 1.6 MWe units (2 x 800 kWe) in MVVZ 6 and 7 in
order to also cover the electrical load required by the on-board kitchens. For what has been
described in the previous paragraphs, when we consider Fuel Cell module we refer both to
the generation system that uses single stacks connected together to obtain large powers, and
to all the auxiliaries that ensure its correct functioning and adequate safety conditions. These
elements are all placed inside a container of variable size according to the total power of the
module itself and constitutes a complete generation unit to which inputs and outputs are
connected.

After analyzing the proposals of Fuel Cell modules currently available on the market, the 1
MWe system produced by Hydrogenics has been chosen [85]. Considering the high
modularity of the fuel cells systems, the values reported in the Hydrogenics datasheet have
been scaled down to an 800 kWe system, as needed in the considered application. The
obtained values are reported in Table 37.

Table 37 800 kWe PEMFC specifications

Hydrogenics 800 kwe PEMFC

Nominal Power kW 800
Nominal efficiency - 0.45
Water Production kag/h 503.3
Hydrogen supply kag/h 53.3

Air flow rate kg/s 1.06
Specific H. consumption o/kWh 66.7
Weight ton 21.6

Width m 9.8

Length m 4.9

Height m 2.90

Area m? 48
Volume m? 139.3
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With reference to the efficiency value in Table 37 some clarifications should be made. The
value indicated in the brochure is the peak efficiency, quite different from the one at the
point where the cell produces the maximum power. To better understand this concept, it can
be useful to analyze Figure 162.
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Figure 162 PEM Hydrogenics HD 30 characteristic curve [86]

This figure shows the characteristic curve of the Hydrogenics HD 30 cell: the 800 kW cell
considered in the analysis consists of an assembly of a various number of 30 kW stacks.
Therefore, the considerations made on this cell, are valid in the same way for the 800 kW
module used in this study. Figure 162 shows the cell voltage, net power and system
efficiency as a function of the current flowing through the cell. It can be seen that the peak
value of the efficiency is around 55%, at a point where the cell develops about 10 kW of
power. Moving instead to the point where the cell develops its rated power (30 kW), the
efficiency drops to a value of 45%, used in this first phase of the study and included in Table
37. This value is not particularly high if compared with the levels of efficiency achieved to
date by this technology. However, it should be noted that the Hydrogenics fuel cell works at
high current densities, which allows greater compactness of the plant, at the expense of a
decrease in efficiency and therefore an increase in fuel consumption. Taking into account
the naval application of this machine, and the consequent need to minimize overall
dimensions, it was therefore decided to opt for this cell. The PEMFC Hydrogenics represents
in fact a good compromise between size and efficiency for our application.

On the basis of the data collected in Table 37, it is also possible to calculate that each single
Fuel Cell module of 800 kWe nominal power requires about 9600 kg of H» for 180 hours of
continuous operation. The total amount of Hz required by the 9 units installed on board is
therefore 86.4 tons. Considering storing hydrogen in a liquid state, the density of the fluid is
70.2 kg/m?3, and therefore the total volume of liquefied hydrogen required by the system is
about 1230 m3, Each PEMFC requires about 136.7 m® of Liquid H..
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3.1.2.2 Storage system description

The choice of using a Liquid H2 (LH>) storage system represents the first alternative to the
common and voluminous pressurized cylinders, using the liquefaction of the gas and
subsequent physical containment within suitable containers. The density of liquid hydrogen
(LH2) at ambient pressure and liquefaction temperature of about -253 °C (20° K) is 70.2
Kg/m3. For the maintenance of such low temperatures are used cryogenic tanks with a double
wall, insulated with perlite and equipped with a cavity inside which is made the vacuum.
The structure itself is not very different from that of the Type C tanks used for LNG storage,
but the operation of the tank is similar to that of a highly engineered thermos: the insulation
is not perfect and there are heat flows through the insulation directed towards the external
environment. This causes the formation of boil-off gas and a consequent increase of the
internal pressure of the crate: in order to bring the pressure values back under safety levels
it is necessary to expel the gas in the atmosphere or to convey it inside a system to be reused.
It should be noted that heat loss is less relevant for large tanks. Typical tanks of this type are
produced by Linde and shown in Figure 163. Despite these complications, nowadays liquid
cryogenic hydrogen storage is the most widely used technology for the transport of large
quantities of LH: (thousands of kg) with low boil-off losses and that satisfies the
requirements in terms of density, dimensions and weight. Installing such technology on
board naval units involves greater complexity of the fluid distribution system, refuelling
system and higher associated costs. It should be kept in mind that the energy cost of
liquefaction (which is not carried out on board but in land-based plants) is also considerable
and corresponds to about 30% of the energy content of the fuel itself and that the ratio
between the weight of the tank (tare) and the volume of liquid hydrogen (net weight) is about
10 [87].

Figure 163 Linde cryogenic Hydrogen tank

After these considerations, the choice has fallen on cryogenic storage as it turns out to be the
most mature and proven technology for the transport of large volumes of hydrogen.

Assuming a location of hydrogen tanks in a single MVZ but in two rooms independent of
each other to maintain the redundancy of the power system, it was still necessary to assume
a number of tanks that were chosen equal to 8 cylindrical cryogenic tanks with the
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dimensions of L =9 m and D = 4.8 m that allow the transport of about 162.7 m* each. The
dimensions shown are to be intended as net, that is, they consider only the volume of
hydrogen required, however, during installation on board it is necessary to consider an
additional and not negligible thickness related to the structure of the crate itself. The total
volume of liquid hydrogen embarked with the methods just described is equal to 1302 m?,
slightly higher than what is actually required because the tank must not remain completely
empty but must still contain a minimum amount of liquefied hydrogen to maintain a stable
internal temperature.

Assuming instead a distributed solution in which a tank feeds a single PEMFC fuel cell with
a nominal 800 kW, 9 cryogenic tanks are required, each containing 136.8 m? of liquefied
hydrogen necessary to ensure 180 hours of continuous operation of the FC. Assuming the
use of cylindrical Type C tanks, the hydrogen will be placed inside containers 9 m long and
4.5 m in diameter, for an effective volume of 143 m3. The weight of the stored hydrogen is
10038 kg while the total weight of the full crate is 100380 kg (considering a gross
weight/volume LH ratio of 10).

It is worth considering that, the use of Hydrogen on board requires detailed evaluation in
terms of risk management. Currently, there are no regulations to be used as a reference,
therefore a detailed analysis of risk has been developed in a dedicated section of the work
on GEI project [88], with the aim of creating guidelines in the regulation and application of
this innovative solution on board vessels.

3.1.3 Systems comparison at steady-state level

Once that the technologies have been described and analysed, it is fundamental to provide a
comparison at a steady state level in order to have a preliminary idea of which could be the
most performant solution. The required performances refer to good energetic performances
and, therefore, low emissions; but also to economic aspects in order to guarantee good
replicability of the analysed solutions. Furthermore, considering the maritime application,
limited dimensions are significantly important in order to maximize the payload; therefore
also a comparison in terms of dimensions and weight becomes necessary in this scenario.

3.1.3.1 Dimensions comparison

Firstly, a comparative analysis will be carried out in terms of volumes and weights occupied
by the different technologies involved. In a naval application, where space management is
one of the most relevant problems, it is interesting to evaluate the possibility of having a
compact system that saves space that could be used to increase possible economic gains (e.g.
passenger cabins). Table 38 summarizes the results of a comparison between the various
technologies and storage systems taken into consideration. The table shows, for the various
technologies, the overall dimensions for each of the single components required in order to
have a total size of 800 kWe for each MVZ. Since, for two of the seven MVZs, it was
assumed to install a power of 1600 kW, the total number of 800 kW zones actually present
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on the ship is nine. In this sense, weights and dimensions are calculated for each MVZ and
also for the whole ship. The analysis of this table shows that the mGT solution appears to be
the most compact technology in terms of volume and weight. The heaviest solution is the
one that foresees the use of PEM with liquid hydrogen directly stored on the ship. It should
be noted that this fact is in contrast to the characteristics of the system. In fact, the higher
efficiency of a PEM, compared to an mGT, allows the use of a lower quantity of fuel
consumed (and therefore stored) for the same energy production. In addition, the direct use
of stored hydrogen, having an LHV (referred to the unit of mass) greater than natural gas,
allows a lower amount of fuel in terms of weight (for the same energy required). However,
the largest portion of the weight for this solution lies in the weight of the tank, net of its
contents. LNG tanks, on the other hand, turn out to be lighter in which it is estimated that
the weight in kg of the tank can be approximately equal to the volume in m3 of LNG stored
inside it. It should be noted that the estimated tank volume represents the gross volume of
the system, including auxiliaries, and was calculated by taking into account the diameter and
total length data. For extensiveness, the solution with hydrogen storage in cylinders at a
pressure of 500 bar is also reported. Cylinders of 16.5 kg of hydrogen each with a weight of
730 kg and a volume of 1270 | were considered as a reference [89]. It is possible to highlight
how this solution involves weights and volumes significantly higher than other technological
solutions. In this sense, the study of this solution, already strongly penalizing in terms of
overall dimensions, will not be further investigated.

The same conclusion can be done for the solution considering the use of PEMFC with LNG
by using a reforming unit. In this case, issues relating the store of Hydrogen on board can be
solved, but an additional component (the reformer [90]) is needed with associated additional
costs, volumes and weights. Therefore, taking into account the significative overall volumes
and weights required, also this technology has not been analysed in detail within this study.

163



Table 38 Volumes and weights comparison

Overall Overall
Single | Single Single L(:ZI Total Total Area Overall Weight
Unit Unit Unit Nn° units per MVZ o Volume | Weight (9% \9/03332\2 (9%
Area Volume | Weight P per MVZ | per MVZ | 800kw ( TVIVZS) 800kW
MVZ MVZs) MVZs)
[m2] [m3] [ton] - [m?] [m3] [ton] [m2] [m3] [ton]
FC (800kW 47.59 139.44 21,60 1
PEMFC + ( )
Reformer Reformer 30 75 24 2 165 460 151,2 1481 4142 1361
con LNG
LNG Tank 56,92 170,77 81,64 1
PEMEC + FC (800kW) 47.59 | 139.44 21.60 1
128 282 122 1152 2542 1098
LH2 HaLiquid Tank | 45.58 143 100.38 1
PEMFC + FC (800kW) | 47,59 | 139,44 | 21.60 1
Compressed 295 881 457.2 2654 7933 4115
H2 H2 500 bar tank 0.42 1.27 0.73 582
mGT (800kW) 22.50 65.25 14.10 1
mGT + LNG - - 52.4 160.8 85.7 471.3 1447.41 771
LNG tank 89.6 | 286.72 | 214.8 1/3 considering

3 overall tanks in the cruise
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3.1.3.2 Efficiency comparison

In general, it should also be properly reported and analyzed how the various technologies
are more or less advantageous from the point of view of energy efficiency, taking into
account the processes that, in some cases, involve the treatment of fuel (Reforming).

Table 8.11 shows the efficiencies of the various solutions taken into consideration [78] [85]
[90]. It can be seen that, although the PEM has an electrical efficiency of about 45%, its use
in combination with the reformer involves a significant decrease in efficiency up to a value
of 28%. This fact leads to the preference for the solution with mGTs as, in addition to higher
system efficiency, taking into account what has been shown in the previous section, the
overall dimensions are considerably reduced compared to the option of the PEM with
Reformer. Reasoning purely in terms of efficiency, it is clear that the most interesting
solution is a system with Fuel Cells powered by hydrogen (in add, the use of liquid hydrogen
storages despite the compressed one guarantee volumes optimization). Therefore, also under
this analysis, the most promising solutions for on board maritime application are represented
by PEMFC with hydrogen and mGT with LNG.
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Table 39 Efficiency comparison

Net

Power Fuel . Energy - Overall Fuel Overall
. . units Power o Specific
production consumption for | Fuel production in ) Net Energy system
er unit 1 week per unit Per per 180h per MVZ Consumption power available efficiency
P MVZ | MVZ
[kW] [kg] - - [kW] [kWh] [kg/kWh] [kW] [kWh] -
PEMFC 800 9600 H2 1
PEMFC +
Reformer | Reformer -12 19204 LNG 2 776 139680 0.275 6984 506140 27.6%
con LNG
LNG Tank - - -
PEMEC + PEMFC 800 9600.00 H2 1
800 144000 0.067 7200 320000 45.0%
Ha LH, Tank - - -
mGT mGT 800 33112.80 LNG 1 800 144000 0.230 7200 436353 33.0%
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3.1.3.3 Economic comparison

In the end, considering the desired replicability of the solutions analysed, economic
feasibility becomes a relevant aspect. In order to perform the economic comparison, it is
important listing the different cost and price hypothesis. The LNG fuel cost has been
estimated to be 8 USD/MMBtu [91], equivalent to 0.023 €/kWh; while for liquid hydrogen,
used in the direct application in PEMFC, the cost was estimated to be 2.50 USD/kg [92],
equivalent to 0.064 €/kWh. The capital costs of the various systems have been based on the
TPG research group background experiences and data available in the literature. Regarding
the PEMFC, its cost is estimated at 3418 €/kW [93]; while the reformer has a cost of 2500
USD/kg of H> produced, equivalent to 2137 €/kg of Ho> produced [94]. In contrast, the
Capstone microturbine considered has a cost of 1020 €/kW. On the other hand, the
evaluation of tank costs has been more difficult. Not many data are easily available,
especially for the sizes of the tanks considered in this study. However, with appropriate
references [95], we estimated the cost of an LNG tank at 1000 USD/m?® of stored Liquid
Natural Gas, equal to 0.144 €/kWh of stored LNG. While for liquid hydrogen tanks, a study
by TIAX provided a value of 3 USD/kW of stored hydrogen [96]. The economic evaluation
is done in terms of operating costs and fixed costs, i.e., the capital costs of purchasing the
necessary equipment. As a term of comparison, the use of Marine Fuel Oil (hereinafter
MFO) is considered as State of the Art (SoA). The choice of MFO derives from its
compliance with the actual constraints in terms of emissions imposed by the regulations
during stops in port. The cost of this fuel is about 589 USD/ton of MFO [97]. Analyzing the
data in Table 40, it is worth noting that the solution with PEMFCs seems not very cost-
effective due to the high cost of PEMFC (Capex) and of liquid hydrogen (operating costs).
The use of mGTs, instead, could be strongly considered also from the economic point of
view as it allows to reduce significantly the capital costs, and in part also the operative ones,
compared to the alternative technologies studied.

In Table 40 for completeness, it is also reported the economic evaluation of PEMFC
application with the reformer. Also under the economic point of view, this solution is not
very performant because of the need for purchasing two reformers for fuel treatment (capital
costs).
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Table 40 Economic comparison

Powe.r Weekly Single unit n° units SoA Fuel SoA Weekly Econor.mc gain (in Total CAPEX
production fuel cost CAPEX Fuel per consumption fuel cost per | comparison to SoA) or MVZ
per unit per MVZ MVZ P MVZ per MVZ P
(kW] [€] (€] - - [ke] [€] [€] [€]
PEMEC + FC 800 - 2735043 | H2 1
Reformer con | Reformer -12 11812 1373846 | LNG 2 24652 12410 599 5'628’690
LNG LNG Tank - - 145954 - 1
FC 800 22974 2735043 H2 1
PEMFC+LH; 25414 17514 -5461 3'555’556
LH>Tank - - 820513 - 1
mGT 800 10183 816000 LNG 1
mGT + LNG 25414 17514 7331 946’351
LNG Tank - - 130351 - 1

168




Within this economic analysis, it is important to take also into account the lifetime of the
considered technologies. Estimating that the lifecycle of the considered cruise ship could be
20 years, the impact of the installed technologies' lifetime is rather relevant. Market data
estimate a maximum lifecycle for Fuel Cells of around 5 years, while for an mGT a lifetime
of around 10 years can be estimated. Therefore, the capital costs of these machines will be
repeated several times over the life of the ship.

All the different considerations proposed are summarized in the chart presented in Figure
164 where, considering a discount rate equal to 2% (average eurozone value in from 2015)
[98], the economic management of the various solutions is estimated in the case of
continuous use at full load of all the generation units along the overall cruise ship life cycle
(20 years).

40.000.000
35.000.000
30.000.000
25.000.000

w 20.000.000 —e—PEM+H2
mGT

-o—-MFO

15.000.000
10.000.000
5.000.000

0
0 5 10 15 20

Years

Figure 164 Economic analysis of the two main solutions in comparison with SoA (MFO with ICE)

Since there is no energy selling, all the curves of Figure 164 have a positive slope (no
economic gains). Therefore, the solutions are evaluated on the basis of the economic savings
of the various technologies compared to the exclusive use of the engine. Analysing the chart,
it can be observed that only the microturbine solution appears to be competitive in economic
terms, as it combines low management costs with a low capital cost; in fact, these
management costs appear to be even more advantageous than using the motor with MFO
(see the positive value in Table 40, column "Economic gain (in comparison to SoA) per
MVZ"). The solution that foresees the combined use of PEM requires high capital costs
which, associated with the short lifecycle of the Fuel Cells, impose a strong penalty from the
economic point of view. Furthermore, the direct use of hydrogen with PEMFC involves
additional high operational costs, due to the costly fuel. In order to compare the different
investments, it is also interesting to determine the Levelized Cost Of Electricity (LCOE)
parameter, already mentioned in section 2.4.3.2, and defined as follows [99]:
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Y.i(CapitalCosts; + 0&M; + FuelCosts;)
Y.;(ElProduction;)

LCOE =

The LCOE is a very easy method for comparing the unit costs of different power generation
technologies over their entire economic life cycle or over a specified period of time. In the
case analysed, taking into account the assumptions previously stated, the best value of LCOE
is obtained in the solution with gas microturbines and is equal to about 0.092 €/kWh, as
reported in Table 41.

Table 41 LCOE evaluation for the studied technologies

PEMFC+H2 mGT
LCOE [€/kWh] 0.269 0.092

Detailed economic analysis must, however, also take into account the space occupied by the
various technological solutions because, on a vessel, the space occupied has its own
economic value since it could otherwise be used for passenger cabins or other consumer
destinations that allow an economic return in the management of the entire naval system.

3.1.4 Time-variant analysis

As part of a time-varying analysis, it is necessary to analyse the thermal and electrical load
trends, in order to be able to establish the operating regime of the various generators.
Unfortunately, actual data on energy loads of the vessel in question are not available, and
also in the literature, there is a scarcity of data collected for scenarios comparable to the one
analysed here. It should be noted that the electrical load taken into account is exclusively
related to Hotel services, as the use of distributed generation technologies in GEI project
aims to satisfy these loads in order to have a management of the ship system in port (without
propulsion) with low emissions. From the thermal point of view, the same Hotel services are
considered. Therefore, the thermal demand necessary for hotel services, drinking water and
air conditioning will be evaluated. On the basis of the experience gained by Fincantieri and
the processing of some available data, an electrical load has been created in which there are
nights with low load, days with a higher load (more pronounced in the case of days of
navigation as the entire number of passengers is present on board) and accentuated peaks at
mealtimes, due to intensive use of kitchens. The electrical and thermal loads vary according
to the external environment. For this reason, two load profiles have been created: one for a
hot external environment and one for a cold external environment (similar to summer and
winter conditions in a Mediterranean area). Referring to the thermal load, no data or
estimations have been available from Fincantieri's experience. Therefore, in agreement with
them, it has been assumed that this load can be considered proportional to the electrical load
for the two different environmental conditions.
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The Royal Princess, at the moment, is used for weekly cruises where no more than two
consecutive days of sailing are scheduled. Therefore, the week of study consists of a
maximum of two consecutive days of navigation. Initially, a profile was created in
compliance with the values indicated by the EB (Energy Balance) provided by Fincantieri.
However, it is well known that the EB is a very conservative estimate compared to the real
consumption data that are then actually recorded on the ships. The values included in the EB
are inclusive of many voices that, within this study focused exclusively on hotel load, may
be neglected. In this way, the load profiles are obtained strictly considering the demand for
hotel services, excluding ancillary services to the engine room as they are provided by other
systems. The obtained load profiles for the overall cruise ship are reported in Table 42.

Table 42 Thermal and Electrical load profile for warm and cold external ambient, overall cruise ship

1. Cold ambient El load 2. Warm ambient El. load
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Given the choice of the electrical architecture, which requires some MVZs to be grouped
together from the electrical point of view, it is necessary to construct load profiles suitable
for the various groups of MVZs considered.

The first group consists of MVVZ 1-2. The electrical hotel load of this group is mainly air
conditioning, lighting and rooms. The same considerations can be made for the second group
of MVZ (3-4-5) in which the distribution of the hotel electrical load is made on the same
services considered in the first group of MVVZ. The situation is different for the third and last
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group of MVZs (6-7). The hotel electric load in this group is, in fact, mainly made up of
galleys. The galleys could assume different trends during the day compared to the hotel load
generated for the other zonal groups; however, as it is not possible to have more accurate
and truthful load profiles available, it has been decided to assume the same trend used for
the other two groups of MVZ.

The thermal and electrical loads for the different group of MVZ, the so-called Zonal Group
(hereinafter ZG), are reported below.

Table 43 Thermal and Electrical load profile for warm and cold external ambient, ZG 1

1. Cold ambient El load 2. Warm ambient El. load
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800 800
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MVZ 1 and MVZ 2 consist the Zonal Group 1. In each of these MVZs, a cogeneration unit
is installed with a size of 800 electrical kW, for a total of 1600 kW in the zonal group.
Therefore, from Table 43 and the electrical peak value is 1325 kW. Then, it is evident that
the installed power is sufficient to cover this load. On the other hand, from the thermal point
of view, it will be necessary to analyse which technologies have a thermal efficiency that
can cover the load. Particularly interesting is the cold ambient condition since a low electrical
load is matched by a high thermal load.
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Table 44 Thermal and Electrical load profile for warm and cold external ambient, ZG 2

1, Cold ambient El load 2. Warm ambient El. load
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In ZG 2 are grouped MVZ 3, 4 and 5. For each of MVZ 3, 4, and 5, a cogeneration unit of
800 electric kW size is installed, for a total of 2400 electric KW in the zonal group. Also for
this zonal group, considering that the highest electrical value is 2287 kW (with reference to
the data in Table 44) it can be stated that the installed power is sufficient to cover the load
taken into consideration. From the thermal point of view, the same considerations are made
as for the ZG 1.

MVZ 6 and 7 (ZG 3) are the ones represented by the largest electrical load as they
incorporate the galleys with their large electrical demand. In this sense, for each of the
MVZs, two 800 kW cogeneration units have been installed, for a total of 3200 kW installed
in the zonal group including MVZ 6 and 7. The highest value of the electricity demand is
about 2712 kW (see Table 45), showing once again how the installed power is sufficient to
cover the selected portion of electrical demand. As said before, from the thermal point of
view it will be analysed through time-varying analysis how the various technologies are able
to satisfy simultaneously electric and thermal demand.
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Table 45 Thermal and Electrical load profile for warm and cold external ambient, ZG 3

1. Cold ambient El load 2. Warm ambient El. load
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In this project, the time-variant analysis has been performed using W-ECoMP software. The
same tool has been used within the ENVISION project, therefore for the description of W-
ECoMP please refer to section 2.4.1.

Therefore, in the following sections, the results of the time-variant analysis via W-ECoMP
for the two considered technologies are described in detail.
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3.1.4.1 mGT with LNG configuration
The layout used for the distribution of the energy flows is reported in Figure 165, in
particular, the scheme for the simulations of mGT configuration in W-ECoMP is described.
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Figure 165 Energy system layout in W-ECoMP

The 7 different MVZs are aggregated into 3 Zonal Groups (ZGs) that independently meet
the thermal and electrical requirements of the respective group. Zonal Group 1 will therefore
aggregate MVZs 1 and 2; GZ 2 will include MVZs 3, 4 and 5 while GZ 3 groups MVZs 6
and 7 (each composed of 2 units of 800 kW). Initially, the electrical load has been prioritized
so that the various cogeneration units are adjusted to cover the electrical demand without
excessive imbalances.

Table 46 W-ECoMP input data for mGT simulations
| |

Name: microGT Name: ‘E\ec‘lrica\ grid

User purchasing price option

Fixed

Purchased elect. t: t [ / kWh] < |0.10
Nominal Electrical Power w1 - [so0000.0 eRRseS meesmmes e =
Electricity selling price (grid) [euro/kWh] = |0.00
Nominal Electrical Efficiency - |0.33
Limit for grid purchasing [Wh] = 1000
Fuel LHV (J/kg) : 47000000
Electricity selling price (user] [euro/kWh] : o
% off design Electrical Dower = (1.0
Option for grid sale :  |Not allowed
Fuel Cost [euro/kgl =030
Maximum E1. excess without penalties [Wh] = 1000
Nominal Thermal Efficiency - |0.498 .
Maximum E1. shortage without penalties [Whl : 1000
fuel cost option : |F\led cost " Index for electricity cost Bate : |Fixed cost
% min off design : |0.07 DES evaluation opticn H
Operating and Maintenance Cost [euro/kWhl : |0.0001 FARAGUAY Option 3
MCT TYDE 3 |Capstone " Electricity selling price optiocn = |Fixed
P . |Sel your cost TEE value [euro/TEE] - [86.97

mET capital cost [euro]

= |816000
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Name: |Virtual Flow |
Thermal Power Price [euro/kWh] = 0

Thermal Losses option : ‘ncoepted |'|

Maximum thermal dissipation (excess) [Wh] =

Maximum thermal dissipation (shortage) [Whl =

Table 46 shows the data that was entered into the code to set the various technical
characteristics and costs. In particular, the significant data are the ones characteristic of the
microturbine and those of management of the electrical and thermal network.

e Cold scenario

It has been decided to simulate initially the energy management of the ship considering the
scenario of the cold external environment. In this scenario, the ratio between electrical and
thermal demand is lower than in the case of the hot external environment. Despite the rather
high thermal efficiency of the mGTs, it could still be more difficult to satisfy the thermal
demand by following a control strategy of the type "thermal follows" (in which priority is
given to the electrical load) in the cold scenario. Introducing the weekly load profiles in the
software, it is carried out the simulation for every Zonal Group in order to verify which is
the optimal management of the system that maximizes the efficiency of the system and
therefore, minimizes the consumptions, with a consequent reduction of the management
costs. In Table 8.19 the obtained results are shown, where it is reported for every zonal
group the tracking of the electric and thermal loads by the various CHP units.

Table 47 Electrical and thermal management of mGTs in the three different ZGs
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Figure 166 ZG1 electrical management
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Figure 167 ZG1 Thermal management
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Figure 169 ZG2 Thermal management
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MVZ 6-7 (2G 3)
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Figure 170 ZG3 Electrical management
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Figure 171 ZG3 Thermal management

In a first analysis of the charts shown in Table 47 it can be seen that, in order to properly
track the electrical demand profile, there is a need for thermal dissipation during the
navigation period when the thermal demand is rather low. In this case, it will be verified if
there is the possibility to supply an additional thermal demand to the one referred to the hotel
load, or if the heat in excess should be dissipated externally (since that the installation of
storage is not considered in order to avoid additional volumes and weights). In any case, it
can be stated that the electrical and thermal demands of the hotel load are covered by the
installed mGTs. It is important to underline that, in the case of mGT, it is preferable to avoid
ON/OFF in order to mitigate a decrease in their lifetime. In this sense, Table 48 shows the
number of ON/OFFs for the various mGTs on a monthly basis.

178



Table 48 mGT ON/OFFs on a monthly basis

MVZ 1-2 (ZG1) MVZ3-4-5(2G2) MVZ6-7 (ZG 3)
0-0 5-6-5 0-0-0-0
The cold ambient management provides for a rather limited number of start-ups and
shutdowns, even if they are all concentrated on a single zonal group (ZG 2). The ON/OFFs
are distributed quite uniformly among the three different installed machines in ZG, during
the long-term management of the plant, it will be advisable to make a sort of "rotation™ in
the use of these mGTs. In this way, it is possible to increase the uniformity in the use of the
machines, minimizing the request for maintenance interventions.

Going deeper into the analysis of the above charts, it is interesting to analyse at what
percentage of load, and therefore with what efficiency, the optimization software drives the
different microturbines to work. These data are reported in the graphs of Table 49 in relation
to the hours of operation in a given operating condition.

Table 49 Partial Loads and efficiency of mGTs for each ZG in a cold ambient (in descending order)
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Analysing the data in Table 49, it emerges that the electrical load is never distributed
proportionally among the various machines. In this sense, it becomes advisable also to carry
out "rotation" between the different mGTs of every zonal group to the aim to a uniform of
the use of them. Considering Zonal Group 1 (Figure 1 in Table 49) the management of the
two units involves the use of MGT 2 mainly in a range between 95% and 40% while mGT 1
Is used at slightly lower loads in order to track the electrical demand. Due to the quite flat
conformation of the off-design curve of the mGT Capstone taken into consideration, both
machines work mainly with efficiencies not lower than 25% (Figure 2 in Table 49).
Regarding Zonal Group 2, it can be seen that the mGT 1 of this group operates at rather high
utilization rates, almost steadily above 60%, while the mGT 2 operates on a lower utilization
range, with several valleys below 30% utilization (Figure 3 in Table 49). The management
of mGT 3 involves shutdowns in order to avoid operations at low efficiency. In this situation
it is more efficient to shut down one mGT, increasing the percentage of use of the other two
that works with higher efficiency values (Figure 4 in Table 49). Zonal Group 3 is the one
characterized by the highest loads, therefore the 4 machines installed in this zone work
almost all the time with a load percentage greater than 40% with efficiencies greater than
25%. The mGT 4 in that group actually runs at lower percentages of use, with efficiencies
around even 20% (Figure 5 and Figure 6 in Table 49). Thus, it is possible to state how in an
outdoor cold environment scenario there is good coverage of electrical and thermal loads,
with the focus on dissipating the excess thermal energy produced by the mGTs.

e \Warm scenario

The analysis of the scenario in the warm outdoor environment leads to more intensive use
of the various microturbines in order to cover the increased electrical load. At the same time,
given the decrease in thermal load, the heat generation attached to the electrical production
will lead to greater dissipation. To see in detail the behaviour of the various zonal groups, it
is repeated, for this scenario, what has been done and reported in the case of the cold outdoor
environment.
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Table 50 Electrical and thermal management of mGTs in the three different ZGs in warm ambient
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Figure 172 ZG 1 electrical management warm ambient
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Figure 173 ZG 1 Thermal management warm ambient

MVZ 3-4-5 (ZG 2)
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Figure 177 ZG 3 Thermal management warm ambient

Table 50 illustrates the system operation in a scenario with a warm outdoor environment. It
can be noted that, even with these higher electrical loads, the size chosen for the machines
is sufficient to meet the electrical demand. Regarding the thermal aspect, the thermal
dissipations are, as anticipated, quite considerable.

It is interesting to evaluate the possible ON/OFF of the various machines during operation.
The results are shown in Table 51.

Table 51 mGT ON/OFFs on a monthly basis, warm ambient

MVZ 1-2 (ZG1) MVZ3-4-5(2G2) MVZ6-7 (ZG 3)
0-0 0-0-0 9-9-9-9

In this scenario, given the type of electrical load more intense, there are more switches on
and off for some machines. In particular, as far as zonal group 3 is concerned, ON/OFF are
observed. It should be pointed out that the calculation code used already gives an economic
"penalty" for each start-up and shutdown of a machine in terms of "artificial” maintenance
costs that only affect system management. Therefore, in this circumstance, it is more
convenient to switch some machines off and on rather than have the system work at lower
efficiency rates. Obviously, as mentioned above, a "rotation" in the use of the various mGTs
is advisable in order to have a uniform and less premature wear of the system.
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Table 52 Partial Loads and efficiency of mGTs for each ZG in a warm ambient (in descending order)
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It is evident that, compared to the cold environment scenario, the percentages of use of the
various microturbines are higher in the warm one, resulting in higher performance ranges.
In the zonal group 1, the two mGTs work sharing the load in a uniform way, with an
efficiency that is mainly over 25% (Figure 1 and Figure 2 of Table 52). The situation is even
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more pronounced for zonal group 2 (Figure 3 and Figure 4 of Table 52) where the various
machines work with efficiencies around 30%, despite their load modulation, due to their
rather flat off-design curve. Similar considerations can be performed for zonal group 3
(Figure 5 and Figure 6 of Table 52).

In order to evaluate the impact of the management proposed by W-ECoMP an economic
analysis is performed. Table 53 reports the economic data used as a basis for this analysis.

Table 53 Economic data

Economic Hypothesis

CO; Emissions cost [€/ton] 0

GNL cost [€/ton] 300
Discount rate 2%
Inflation 1%

It is worth noting that a slot has been inserted regarding the cost of CO2 emissions. In fact,
if a "carbon tax" was to be applied in some port areas, the economic impact of using a
combustion system instead of a Fuel Cell would be quite significant depending on the value
of this tax. At the moment no tax is applied in this direction, therefore this value is set as
null.

Table 54 Cold ambient weekly costs per ZGs

Cold ambient (weekly)
CO;
El produced Eldemand Th produced Th demand Emissions Thermal
7 [MWh] [MWAh] [MWAh] [MWh] [ton] dissipations [MWh]
G 176.41 176.41 267.01 236.55 122.27 30.45
1 Fuel cons Fuel Costs
On/Off O&M [€] [ton] [€] CO; costs [€] Total costs [€]
0 1,234.9 44.46 13,338.1 0.0 14,573.0
CO;
El produced Eldemand Th produced Th demand Emissions Thermal
7 [MWAh] [MWAh] [MWAh] [MWAh] [ton] dissipations [MWh]
G 304.33 304.33 456.17 408.07 204.61 48.10
Fuel cons Fuel Costs
On/Off O&M [€] [ton] [€] CO; costs [€] Total costs [€]
4 2,130.3 74.40 22,3211 0.0 24,451.4
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CO;
El produced Eldemand Th produced Th demand Emissions Thermal
7 [MWHh] [MWh] [MWh] [MWAh] [ton] dissipations [MWh]
G 361.66 361.66 546.52 485.04 249.09 61.48
Fuel cons Fuel Costs
On/Off O&M [€] [ton] [€] CO; costs [€] Total costs [€]
0 2,531.6 90.58 27,173.3 0.0 29,705.0
Table 55 Warm ambient weekly costs per ZGs
Warm Ambient (weekly)
CO;
El produced Eldemand Th produced Th demand Emissions Thermal
[MWHh] [MWh] [MWHh] [MWh] [ton] dissipations [MWh]
V4
G 187.14 187.14 282.21 195.73 128.39 86.48
1 Fuel cons Fuel Costs
On/Off O&M [€] [ton] [€] CO; costs [€] Total costs [€]
0 1,310.0 46.69 14,005.9 0.0 15,315.9
CO;
El produced Eldemand Th produced Th demand Emissions Thermal
[MWHh] [MWAh] [MWh] [MWh] [ton] dissipations [MWh]
V4
G 322.83 322.84 482.98 337.65 215.60 145.33
2 Fuel cons Fuel Costs
On/Off O&M [€] [ton] [€] CO; costs [€] Total costs [€]
0 2,259.8 78.40 23,520.4 0.0 25,780.2
CO;
El produced Eldemand Th produced Th demand Emissions Thermal
[MWh] [MWAh] [MWAh] [MWh] [ton] dissipations [MWh]
z
G 383.66 383.66 577.23 401.32 260.59 175.91
3 Fuel cons Fuel Costs
On/Off O&M [€] [ton] [€] CO; costs [€] Total costs [€]
9 2,685.6 94.76 28,427.5 0.0 31,113.1

Comparing the data of Table 54 with those of Table 55 it can be observed how the greater
demands lead to greater consumptions and, therefore, costs. However, it should be evinced
how such an increase in the costs results rather contained considering that working to higher
loads, the machines have efficiencies higher. Also the maintenance costs, proportional to the
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use of the machines and therefore to the electrical energy produced, are slightly higher in the
hot scenario than in the cold scenario. It should be considered that, at economic level, in this
phase, the actual economic impact of the ON/OFF is not calculated, as it is already limited
by the code and difficult to quantify numerically.

The study done on a weekly basis is now extended to the whole year, assuming that the ship
is located half of the time in a hot scenario and the other in a cold one. The weeks in which
it is estimated that the ship is used in a year are equal to 50 (25 for each scenario). In order
to have a clear and immediate view of costs and consumption, the data for the whole cruise
ship over the whole year are reported in the dedicated Table 56.

Table 56 Costs and fuel consumptions on a yearly basis for the whole cruise ship

Cruise Ship (annual)
El El Th CO, NOx Thermal
produced demand produced  Th demand Emissions Emissions dissipations
[MWh] [MWh] [MWh] [MWh] [ton] [ton] [MWh]
43,401 43,401 65,303 51,609 29,513 9.67 13,694
Fuel cons NOx costs
On/Off O&M [€] [ton] Fuel Costs [€] CO; costs [€] [€] Total costs [€]
250 303,806 10,732 3,219,657 0 0 3,523,464

With the data in Table 56, we, therefore, have a direct and global evaluation of the system
management costs in the case of using microturbine technology. On the basis of these values,
it will be possible then to develop a more detailed economic analysis that takes into account
the fixed costs, the lifetime of the system and the various aspects of savings with respect to
the technology studied in the next section. It will also be important to evaluate the benefits
and drawbacks of using innovative technologies with respect to the state of the art and the
environmental regulations introduced.

3.1.4.2 PEMFC with Liquid Hydrogen

After the study of microturbines, we proceed with the analysis of Fuel Cells in order to make
a comparative analysis in technical and economic. Also in this case the significant data have
been set within the code in W-ECoMP. These values are reported in Table 57.
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Table 57 W-ECoMP input data for mGT simulations

Name: |Fuel Cell | Help Name: [Elecirical gnid |
Mominal Zlectrical Dower W1 . ’—EEIEIDEIDEI Purchased electricity cost [euro/kith] : fo0
Electricity sell ice (grid) [ /Kih] : |0.0o
Wominal Electrical Efficiency - [0.45 SeRERey setiing pEes fand e
Limit for grid purchasing [Whl : [2000
Lower Heating Value [J/kg] : (120000000
Electricity selling price (user] [euro/kWh] : o
% off design Electrical Power - (1.0
Option for grid sale - |N0|ﬂ|\0wed hd
Fuel Cost [euro/kgl : 214
Maximum E1. excess without penalties [WR] = 1200
Nominal Thermal Efficiency - |03
Maximum E1. shortage without penalties [Wh] = 1200
CELL TYDE - |pemrc |+
Index for electricity cost Rate 3 ‘leed cost
- i ™
Fuel cost type |F|xed oSt | PES evaluation option z ‘Notacﬂve |'|
& MIN OFF DESIGN : b PARACUAY Option : ‘Nolactlve |'|
INDCOST e |Setyour cost Electricity selling price option H ‘Filed |'
Fuel cell capital cost [euro] . |2735043 TEE value [euzo/TEE] - 8607
Cperating and Maintenance Cost [euro/kWh]l : |[0.012 User purchasing price option : |Fixed -
Name: |Virual Flow |
Thermal Power Price [eurc/kih] = (0
Thermal Losses option - |Accepted |V‘
Maximum thermal dissipation (excess) [Whl
Maximum thermal dissipation (shortage) [Wh] :

e Cold scenario

Also in this case the study is divided by first analyzing the effect of the cold external
environment, then the one in the hot external environment will be developed. It should be
noted that the PEM Fuel Cells present rather low thermal efficiencies, therefore it could be
possible not to meet the thermal load by following a "thermal-following™ control approach.
This situation could result particularly problematic in the context of cold external
environment management, where the ratio between electrical load and thermal load is lower.
The priority of this study remains, however, to satisfy the electrical demand, so in this phase,
we will focus exclusively on the possibility of following the electrical load. Possible
solutions to satisfy both loads will be presented later. With the same profiles of weekly load
used previously it is performed the simulation for every Zonal Group in order to find the
management of the system able to maximize the efficiency of the system reducing
consumptions, emissions and costs.

In Table 8.30 the obtained results are reported, where it is shown for every Zonal Group the
electric and thermal load supply by the various cogenerative units.
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Table 58 Electrical and thermal management of PEMFCs in the three different ZGs in cold ambient
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Figure 178 ZG 1 Electric management cold ambient
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Figure 179 ZG 1 Thermal management cold ambient
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Figure 180 ZG 2 Electric management cold ambient
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Figure 181 ZG 2 Thermal management cold ambient
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Figure 182 ZG 3 Electric management cold ambient
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Figure 183 Thermal management cold ambient
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As initially anticipated, from the charts in Table 58 it can be observed that the thermal load
is definitely not satisfiable, differently from what performed by mGTs. It can also be seen
that the load is equally divided among the various FCs; this is because this distribution allows
taking full advantage of the increasing efficiency of the Fuel Cells at partial load. It is
important to underline that, for the type of PEMFC technology, it is preferable not to subject
them to excessive oscillatory and ON/OFF loads in order to avoid a greater usage and
therefore a decrease in their lifetime. In this sense Table 59 shows the number of ON/OFF
for the various Fuel Cells on a monthly basis.

Table 59 PEMFCs ON/OFFs on a monthly basis, cold ambient

MVZ1-2 (ZG1) MVZ3-4-5(2G2) MVZ6-7(ZG 3)
0-0 0-0-0 25-25-25-25

It is, therefore, possible to highlight how, for the first two zonal groups, no PEMFC is
subjected to switching on and off during its weekly operation, a considerable advantage in
terms of costs and maintenance. Further analysis of the above figures shows that it is
interesting to analyse the percentage of load, and therefore the efficiency, at which the
optimization software operates the different cells. Such data are reported in Table 60 in
relation to the hours of operation in a given circumstance.

Looking at the graphs in Table 60, what has been stated previously is confirmed. A detailed
analysis of the percentages of use of the various PEMFCs for the different zonal groups
shows how the various curves within the graphs are overlapped for most of the time period
considered. However, it is good practice, even in this case, to " alternate " the various cells
in order to standardize their use. Focusing now on the graphs relating to the efficiency, it can
be seen that rather flat curves are obtained, with an average value well above 50%.

Table 60 Partial Loads and efficiency of PEMFCs for each ZG in a cold ambient (in descending order)
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It can therefore be asserted that, in terms of efficiency, consumption and emissions, the fuel
cell solution is highly advantageous compared to the mGT solution (average efficiency
around 27% with a combustion process and consequent CO2 emissions).

e \Warm scenario

From the point of view of the PEM Fuel Cells, the scenario with a warm external
environment leads to better management of the system in terms of cogeneration, since a
higher electrical demand corresponds to lower thermal demand than in the case with a cold
external environment. We can therefore expect a decrease in the thermal deficit, but a
corresponding increase in costs due to greater use of the cells to compensate for the increase
in electrical load. It may therefore be interesting in the following sections to go over the
economic impact of the thermal deficit on the system.
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Table 61 Electrical and thermal management of PEMFCs in the three different ZGs in warm ambient
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Figure 184 ZG 1 Electric management warm ambient
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Figure 185 ZG 1 Thermal management warm ambient
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Figure 187 ZG 2 Thermal management warm ambient
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Figure 188 ZG 3 Electric management warm ambient
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Figure 189 ZG 3 Thermal management warm ambient

Table 58 shows the system operation in a scenario with a warm outdoor environment. Even
for these higher electrical loads, the size chosen for the machines turns out to be sufficient
to satisfy the electrical demand. Focusing then on the thermal aspect, it is possible to see
how the generation curves get closer to the red line, related to the demand, compared to what
happened for the cold scenario. This proves how the cogeneration aspect is more exploited
in the case of a hot external environment. Focusing on the zonal group 3, it is possible to
notice the very strong use of the fuel cells. It is therefore interesting to evaluate the possible
ON/OFF of the cells during operation. The results are shown in Table 62.

Table 62 PEMFCs ON/OFFs on a monthly basis, warm ambient

MVZ 1-2 (ZG1) MVZ3-4-5(ZG2) MVZ6-7 (ZG 3)
0-0 0-0-0 12-12-12-12

A numerical analysis of zonal group 3 shows 12 ON/OFFs distributed over two cells on a
weekly basis. This aspect, therefore, leads to opt for a "'rotation” on a weekly basis in the use
of the various PEMFC in order to have a uniform and delayed deterioration of the system. It
can be interesting also in this case to examine the percentages of use of the various cells and
to estimate the efficiency with which they work. These data are reported in Table 8.37.
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Table 63 Partial Loads and efficiency of PEMFCs for each ZG in a warm ambient (in descending

order)
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The partial loads, which are higher than in the scenario with a cold outdoor environment,
lead to slightly lower efficiency values given the rather flat shape of the off-design curve of

PEMFCs in which efficiency increases as power output decreases.
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Table 64 shows the economic assumptions made on the basis of the economic values
described in the dedicated section.

Table 64 Economic hypothesis

Economic Hypothesis

LH; cost [€/ton] 300

Discount rate 2%

Inflation 1%

Naturally, in this case, the CO2 emission cost does not appear as the system does not imply
CO2 emissions. In order to appreciate from an economic point of view the performance of
the system with PEM Fuel Cells directly fuelled by hydrogen, Table 8.34 shows the
calculation of the operating costs of the system on a weekly basis, for each zonal group.

Table 65 Cold ambient weekly costs per ZGs

Cold ambient (weekly)
CO;
El produced Eldemand Th produced Th demand Emissions Thermal
[MWHh] [MWh] [MWAh] [MWHh] [ton] dissipations [MWh]
V4
G 178.09 176.39 79.15 236.42 0.00 -157.27
1 Fuel cons Fuel Costs
On/Off O&M [€] [ton] [€] CO; costs [€] Total costs [€]
0 2,137.1 9.99 21,370.6 0.0 23,507.7
CO;
El produced Eldemand Th produced Th demand Emissions Thermal
[MWHh] [MWAh] [MWh] [MWh] [ton] dissipations [MWh]
V4
G 304.22 304.33 149.14 408.07 0.00 -258.93
2 Fuel cons Fuel Costs
On/Off O&M [€] [ton] [€] CO; costs [€] Total costs [€]
0 3,650.7 17.43 37,298.0 0.0 40,948.7
Co;
El produced Eldemand Th produced Th demand Emissions Thermal
[MWHh] [MWAh] [MWAh] [MWAh] [ton] dissipations [MWh]
z
G 364.50 361.66 177.34 485.04 0.00 -307.70
3 Fuel cons Fuel Costs
On/Off O&M [€] [ton] [€] CO; costs [€] Total costs [€]
25 4,374.0 20.97 44,878.0 0.0 49,252.0
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Table 66 Warm ambient weekly costs per ZGs

Warm ambient (Weekly)
CO;
El produced Eldemand Th produced Th demand Emissions Thermal
[MWHh] [MWh] [MWh] [MWAh] [ton] dissipations [MWh]
V4
G 186.85 187.14 76.50 195.73 0.00 -119.23
1 Fuel cons Fuel Costs
On/Off O&M [€] [ton] [€] CO; costs [€] Total costs [€]
0 2,242.2 10.01 21,426.6 0.0 23,668.7
CO;
El produced Eldemand Th produced Th demand Emissions Thermal
[MWh] [MWh] [MWh] [MWh] [ton] dissipations [MWh]
V4
G 322.72 322.84 160.09 337.65 0.00 -177.55
2 Fuel cons Fuel Costs
On/Off O&M [€] [ton] [€] CO; costs [€] Total costs [€]
4 3,872.6 18.46 39,502.6 0.0 43,375.2
CO;
El produced Eldemand Th produced Th demand Emissions Thermal
[MWh] [MWAh] [MWh] [MWh] [ton] dissipations [MWh]
V4
G 383.56 383.66 168.39 401.32 0.00 -232.94
3 Fuel cons Fuel Costs
On/Off O&M [€] [ton] [€] CO; costs [€] Total costs [€]
12 4,602.8 20.98 44,898.8 0.0 49,501.6

The costs in Table 66 are significantly higher than those obtained for the cold scenario in
Table 65. This result is due to the combination of two factors: the increase of the load
(therefore of the consumption) and a decrease of the efficiency due to the off-design
behaviour of the cell. It is necessary to consider how, at an economic level, in this phase, the
influence of the ON/OFF is not calculated because already limited by the code and difficult
to quantify numerically as the economic impact on the system even if it is an interesting data
to report. The study done on a weekly basis is now extended to an annual basis, with the
same assumptions made for the microturbine analysis. The number of weeks in which the
vessel is estimated to be used in a year is 50 (25 for each scenario). A clear and immediate
view of costs and consumption is given in a single table where data for the whole ship over
the whole year are included (Table 67).
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Table 67 Costs and fuel consumptions on a yearly basis for the whole cruise ship

Cruise Ship (Annual)

El Th COo; NOx Thermal
produced Eldemand produced Th demand Emissions ~ Emissions dissipations

[MWh] [MWh] [MWh] [MWh] [ton] [ton] [MWh]
43498.50 43400.50 20265.25 51605.75 0.00 0.98 -31,340.50

Fuel cons NOx costs
On/Off O&M [€] [ton] Fuel Costs [€] CO; costs [€] [€] Total costs [€]

1025 521,985.0 2,446.00 5,234,365.0 0.0 0 5,756,347.5

From the data of Table 67, we have therefore a direct and global evaluation of the
management costs of the system in the case of use of the technology with PEM Fuel Cells
directly powered by hydrogen. It is immediate to notice how this configuration results to be
therefore more expensive than the solution with microturbines. Also for the configuration
with fuel cells with hydrogen stored directly on board it will be interesting to develop a more
detailed economic analysis that takes into account the fixed costs, the useful life of the
system and the various aspects of savings compared to the various technologies that will be
studied in the following paragraphs. It will also be important to evaluate the advantages and
disadvantages of the use of innovative technologies with respect to the state of the art and
environmental regulations introduced.

3.1.4.3 Thermal management

As highlighted, the cogenerative application of fuel cells involves a thermal energy deficit
compared to what is required. Therefore, in order to meet both requirements, it is necessary
to introduce corrective measures. The most interesting appear to be:

e The introduction of a natural gas-fired boiler with the aim of covering the gap
between demand and thermal energy production in the application case of
Fuel Cells;

e A plant solution that we can call "hybrid": it provides for the equal division
of the power size installed in each MVVZ between mGT and PEM Fuel Cell.
In this way it is possible to combine the thermal dissipations of the mGTs
with the deficits of the PEMFCs, getting considerably closer to demand. For
simplicity of on-board fuel management, it has been chosen to use LNG-
fuelled PEMFCs, with the installation of a reforming system.

The integration of an LNG-fuelled boiler to produce the heat needed to meet the thermal
demand logically leads to an increase in variable costs and emissions. In the application case
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of hydrogen-fueled PEMFCs, we obtain the annual values shown in Table 68 regarding the
boiler integration based on what reported in [100].

Table 68 Boiler consumption, costs and emissions with PEMFC application

Boiler Data for PEMFC+LH, Application

Annual LNG consumption [ton] 2,667
Annual LNG cost [€] 800,182
Annual CO, emissions [ton] 6,311
Annual Nox emissions [ton] 5

For what concerns the “hybrid” solution, as a reference only the simulations results for ZG
3 in a cold ambient are reported, since this condition represents the most difficult in terms
of tracking both thermal and electrical demand. The size of the installed generation units is

reported in detail in Figure 190.
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Figure 190 Hybrid solution layout

Table 69 reports the results of the simulation with W-ECoMP for ZG 3 in a cold ambient.
From the charts included, it is possible to observe the supply of energy demands for the ZG
3 in a cold outdoor environment scenario (high thermal demand). It can be pointed out that
the tracking of both loads is difficult to obtain even with hybrid configuration. This aspect
can be explained by the fact that the size division between mGT and PEMFC is not sufficient
to satisfy both energy demands, since from the thermal point of view the cells provide a
much lower contribution than the microturbines. In order to obtain better coverage of the
thermal demand, it will be necessary to consider a larger use of mGT instead of PEMFC
(through a different distribution of the total size of each MVZ); however, this would lead to
a decrease in system efficiency and consequently an increase in variable costs. When a more
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precise thermal load profile is available, it will be possible to consider the benefits and
disadvantages of different size distribution between mGTs and PEMFCs. Finally, the
possibility of filling the thermal gap with a boiler or a thermal recovery from the internal
combustion engines (used for propulsion) should be considered.

Table 69 Electrical and thermal management of Hybrid solution in ZG 4 in cold ambient
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Figure 191 ZG 3 Electric management for hybrid solution in cold ambient
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Figure 192 ZG 3 Thermal management for hybrid solution in cold ambient

Table 70 underlines how, in order to maximize the efficiency of the overall system and the
tracking of both demands, the mGTs are used more than PEMFCs. It also worth
remembering that, at maximum power, the mGTs have higher efficiency than PEMFCs (see
Table 39).

In detail: working at partial load, the cell + reformer system can achieve significantly higher
efficiencies than mGTs (visible in the charts for the efficiencies). On the contrary, the
microturbines maximize their efficiency by working in nominal conditions. This aspect,
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therefore, implies a more intensive use of mGTs. Furthermore, taking into account the
significantly high thermal efficiency of mGT compared to cells, it is necessary to use them
intensively in order to maximize the thermal production to meet the demand.

Table 70 Partial Loads and efficiency for PEMFCs and mGTs in ZG 3, cold ambient
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Moving to the economic aspects, overall consideration related to the whole cruise ship are
provided in Table 71. It is, therefore, possible to see how the "hybrid" solution presents
moderate total variable costs with annexed thermal deficits rather contained compared to
what has been shown for only fuel cell configuration. In this sense, the application of this
configuration to vessels that are used throughout the year in warm environments may be of
interest (both demands could be satisfied). It would therefore be possible to exploit a
technology that also foresees the use of fuel cells, which would make it possible to satisfy
both energy requirements. In this case, the use of a single fuel already covered by
international maritime regulations such as liquid natural gas is also contemplated.
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Table 71 Costs and fuel consumptions on a yearly basis for the whole cruise ship, Hybrid solution

Overall Ship (Annual)
El Th CO; NOx Thermal
produced Eldemand produced Thdemand Emissions  Emissions dissipations
[MWh] [MWh] [MWh] [MWh] [ton] [ton] [MWh]
43,386.89 43,401.29 44,626.75  51,609.15 27,605.63 5.54 -6,982.40
Fuel cons NOx costs
On/Off O&M [€] [ton] Fuel Costs [€] CO; costs [€] [€] Total costs [€]
825 451,943 10,038 3,011,523 0 0 3,463,467

Considering the limited, but still present, thermal deficits, calculations related to the
installation of a boiler are reported in Table 72.

Table 72 Boiler consumption, costs and emissions with Hybrid application

Boiler Data for Hybrid Application

Annual LNG consumption [ton] 594
Annual LNG cost [€] 178,274
Annual CO, emissions [ton] 1,406
Annual Nox emissions [ton] 1

3.1.4.4 Final Considerations

After having analysed the different configurations in detail, we will now proceed with a more
general view that will allow us to make a comparison between them in order to be able to
evaluate which can be the best technology in consideration of the requirements of the
scenario in which it is applied. Table 73 shows the most relevant data of the different
configurations (in brackets the data including the use of the boiler). These values can be
conveniently compared with the use of an internal combustion engine for marine application,
fuelled by LNG, that satisfies the same electrical demand.

Table 73 Different technologies comparison (in brackets the data including the use of the boiler)

mGT PEMFC PEMFC + mGTs LNG Engine
LNG consumption [tons] 10,732 (2,667) 10,038 (10,632) 11,081

H, consumption [tons] - 2,446 - -
CO2 emissions [tons] 29,513 (6,311) 27,605 (29,011) 30,474
NOXx emissions [tons] 9.57 0.98(5.98) 5.54 (6.54) 43
Weight [tons] 771 1,642 915 -
Volume [m?] 1,960 3,415 3,051 -

The use of hydrogen-fuelled PEMFCs guarantees almost zero emissions coupled with high
efficiency, however, it requires high volumes and weights, as well as the management of
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liquid hydrogen on board ship. The configuration with micro-turbines, definitely more
compact, can be interesting because it would allow a significant cogenerative contribution
to the energy management of the ship. The "hybrid" application represents a compromise
between the use emissions of a Fuel Cell with reformer (especially contained as regards
NOXx) and the limited overall dimensions of an mGT.

In order to compare numerically the different configurations studied in this chapter, a
comparison is proposed in economic terms between the various solutions. To complete the
analysis, the use of boilers will also be taken into account, where necessary, in order to
satisfy the thermal demand. One of the main comparison parameters will therefore be the
LCOE, already presented in the initial part of this chapter in the "full load™ analysis, reported
in Table 74.

Table 74 LCOE of the considered technologies

mGT PEMFC PEM + mGT
LCOE [€/MWh] 101.70 286.68 187

Taking into account the considerations that have just been made from the point of view of
emissions and overall dimensions, Table 74 allows highlighting the configuration with
microturbines as the winning one in purely economic terms. The use of Fuel Cells involves
an important economic impact on the system mainly linked to the capital cost of this
technology and of the auxiliary aspects to its operation (Liquid Hydrogen). On the other
hand, the so-called hybrid solution presents competitiveness from the economic point of
view since it allows to lower the initial fixed costs with respect to the only PEMFC +
reformer (halving the number of fuel cells and reformer) and at the same time decrease also
the variable costs thanks to the higher global efficiency of the system with respect to the
only mGT (since at partial loads the PEMFC + reformer system assumes higher efficiency
than the mGT) annexed to the exclusive use of LNG.

In order to have a uniformity of conditions in the considerations, in this case, the value of
LCOE for the time-varying case does not include the costs related to the use of the boiler; in
fact, in the "steady-state" analysis these additional costs were not taken into account.
Consider initially the configuration with mGT shown in Figure 193, it can be seen how the
LCOE assumes a higher value in the case of time-varying use, i.e. with machines working
at partial load.
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Figure 193 mGT LCOE comparison

Investigating the different components of the LCOE it is possible to highlight the fact that
less intense use of the system (time-varying case) involves a greater impact of fixed costs
(CAPEX); recalling also the characteristic curve of the microturbines, which provides a
decrease in their efficiency at partial loads, it can be seen that even the component related to
the cost of FUEL shows a slight increase in the time-varying case. On the other hand, the
costs related to maintenance (O&M) maintain a constant weight on the LCOE since they are
proportional to the energy produced by the system. It is interesting to note that the FUEL
component is definitely preponderant compared to the others.

Then, the technological solution involving the direct use of hydrogen-fuelled PEMFCs is
discussed. As previously highlighted, this solution has higher capital costs than the mGT,
and high fuel costs due to the high cost of liquid hydrogen used as fuel. On the other hand,
higher efficiencies and zero emissions can be obtained. Figure 8.105 shows the LCOE value
in the two different scenarios considered.
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Figure 194 PEMFC LCOE comparison
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It is clear, in comparison with the previous configuration, that this time the LCOE value
remains substantially unchanged. In fact, in the time-varying case, despite the lower
exploitation of the cell involves a greater influence of fixed costs on the LCOE, the
possibility of working at higher efficiency allows a lower specific fuel consumption;
therefore, the savings in economic terms is significant given the high cost of liquid hydrogen.

The work developed within the GEI project underlines that many simultaneous aspects could
affect the choice of the best generation technologies to be installed on board in a maritime
scenario. Indeed, this choice has to take into account economic aspects, volume and weights,
and compliance with emissions regulation. Therefore, from this activity came out the idea to
develop a comparison methodology that, using an immediate interface, is able to suggest the
most promising generation technology for a considered scenario.

3.2 HELM Tool

To evaluate the general performances of different energy generation technologies on board
ships, the software "HELM" (Helper for Energy Layouts for Maritime applications) has been
specially developed. This program allows making a first assessment of the different
technologies suitable for specific marine application.

W\

RELR

Figure 195 HELM Logo

As highlighted from the activity developed within GEI Project, during the early stages of
ship design, the choice of the best applicable technical solution is mainly influenced by
weight, the volume occupied, cost and related pollutant emissions. The priority assigned to
each of these performance parameters depends on the context in which the vessel is intended
to operate.

With HELM software, it is possible to deal with this preliminary phase of analysis and
comparison of different technical solutions. Among the strengths of the software are its user-
friendly interface and the possibility of updating the data to technical innovations
progressively introduced in the market. This program is designed to support the user in the
preliminary stages of design, allowing to focus only on the technologies emerging as most
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promising for a more in-depth evaluation of the systems (e.g. time-transient behaviour). In
this way it is then possible to save a huge amount of time, and also to address external users
to the proper set of technology.

The core of the present software is a large database, which collects information on power
units, fuels and storage systems, obtained through extensive market surveys and by the
interaction with companies active in the maritime sector [101] [102].

The data put together in the database has been appropriately processed to create maps that
allow the software to assign the values of weight, volume and cost corresponding to the
system size, entered as input by the user. Emissions are calculated through maps dedicated
to each technical solution; to access them, it is necessary to know the amount of fuel
consumed or the power produced. Figure 196 shows an example of a map used to define the
characteristics of fuel oil tanks: entering the abscissa with the required fuel capacity, the
weight and dimensions of the storage units are obtained on the left ordinate axis, while the
right ordinate axis provides the related cost.
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Figure 196 Fuel Oil Tank Map

It can be observed that the curves have different slopes as the fuel capacity varies; this is due
to the use of different specific functions, extrapolated from data obtained from market
analyses. In this case, three classes of storage units have been defined: the first for capacities
below 5 cubic meters, the second for capacities between 5 and 20 cubic meters, and the third
for capacities above 20 cubic meters.

The algorithm throughout the different values for each technology are calculated is reported
schematically in Figure 197.
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Figure 197 HELM Tool logical scheme

The main input data are the hours of non-stop navigation and the power required; in order to
make a precautionary dimensioning, the maximum power required by the ship's operational
profile is entered, even if the power actually delivered most of the time will be lower. The
product of power required and operating hours returns the mechanical energy expended
during navigation; dividing this value by the reference efficiency of the technical solution
considered, the amount of energy required in the form of fuel is obtained, allowing access to
maps to determine the costs, weights and dimensions of the storage units. The general
parameters of the power unit are obtained by an immediate procedure since the size and costs
can be obtained by entering the maps directly with the required power. This procedure is
repeated for each technical solution implemented in the program.

In order to identify the best technical solution, the software assigns to each technology a
score, which takes into account the performance in terms of weight, volume, cost and
emissions: for each of these parameters (e.g. the total weight of the system), a score from 1
to 10 is assigned. The maximum score is given to the technical solution with the highest
performance value (in the case of weight, therefore, the lightest system is assigned 10
points). The scores of the other technologies are assigned by comparison with the technology
that has received the highest evaluation, referring to the parameter:

Vi

Vbest

X; (33)
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Where:

V; is the value reported by the i-th technology (for a specific performance parameter, e.g.
weight);

Vpest 1S the value reported by the optimal solution (for a specific performance parameter, e.g.
weight).

As an example, Figure 198 shows the range of Xi used to assign the points related to the
evaluation of system performance in terms of weight.

Value Score Value Score
1<X<11 10 3<X<4 5
11<X <13 9 4 <X <5 4
13<X <16 8 5<X<6 3
16 <X <2 7 6<X<8 2
2<X<3 6 X>8 1

Figure 198 Xi Values for the weight performance parameter

Depending on the scenario considered for the considered vessel, it is possible to set a specific
relevance to each one of the performance parameters (weight, volume, costs and emissions).
This allows characterizing the result of the best solution specifically in the context assigned.
For each performance parameters, it is possible to give relevance (R) between 1 and 5. The
highest the value of the relevance for a performance parameter, the larger the priority given
to this parameter during the evaluation process. Then the obtained total score, for the i-th
technology is calculated as:

i_ i i
TotalScore' = Rweights * Scoreweights + Rcosts * Scorecosts + Remissions (34)

i i
* Scoreemissions + Rvolumes * Scorevolumes

Generally, during the preliminary design phases of a vessel, the choice of the best applicable
technical solution to produce energy onboard is mainly influenced by the weight, the volume
occupied, the cost and the related pollutant emissions. The priority given to each of these
performance parameters depends on the context in which the ship is to operate: if constant
navigation in ECA zones is required, the environmental parameter will have a higher weight
than the others; if, on the other hand, the ship is designed for the transport of goods, greater
priority will be given to the compactness of the installed systems.

Furthermore, by selecting the ship size on the tool, it is also possible to consider if the volume
and weights of the technology are feasible with the available size of the considered vessel.

All these mentioned aspects can be observed from the user interface reported in Figure 199.
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Figure 199 HELM User interface

When the scenario in which the vessel operates is known, the user can enter the power
required and the hours of navigation in the orange cells at the top right; the size of the vessel
is taken into account by selecting one of the three options available: "Small”, "Medium",
"Large". If the resulting weights or volumes are not compliant with the available space on
board, the relative cells are highlighted in red.

The software reports a default value for the efficiency of each system, equal to the average
value obtained from market analysis; however, the user can modify the efficiency to obtain
results comparable with the systems at his disposal.

At the bottom right, it is possible to assign to each of the performance parameters the
respective relevance index, which depends on the scenario in which you want to conduct the
simulation.

Clicking on "Calculate”, the data processing begins, ending with the projection of the
obtained results on the screen: for each technology, the required quantity of fuel (mass and
volume), the general characteristics of the plant (weight, overall dimensions and costs) and
the environmental performance (CO2 and NOx emissions) are reported.

The score is then reported in the bottoming line as the main result. The technology with the
highest score is then the most promising technologies for the energy generation on board of
the considered vessel.
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3.2.1 HELM Applications and studies

Once that the database and the code have been implemented in HELM, it allows performing
easily many different studies related to a maritime application, considering different
technologies. The easy user-interface gives the chance to create a strong interaction with the
students, letting them the possibility to analyse independently some applications. Anyway,
it is worth underlining that expert supervision in the use of this tool is needed. The choice of
the relevance parameters and the system efficiencies requires experience in the energy and
maritime fields.

3.2.1.1 Yacht application

The boat chosen to represent a small size case study is the Azimut Magellano 76 [103]. This
yacht is 24 m length and 6.13 width with a total weight (full load) of 66 tons. The boat is
equipped with two MAN V8 engines for a total power of 1470 kW and has a fuel tank
capacity of 7500 L, therefore around 15 hours of navigation without docking can be
estimated. In this scenario, the main relevance can be related to the chance to navigate
wherever without any issues, especially in touristic zones (most of them are included in
ECASs). Volumes represent another significant parameter in terms of comfort: small system
volumes allow for larger space for services and rooms. Weights have a lower relevance,
while costs are not really significant for yachts. HELM points out, with red coloured cells,
that the use of PEMFC with compressed hydrogen and PEMFC metal hydrides are not
feasible for the considered scenario, the first one in terms of volume and the second for the
weights. Hence these solutions are omitted in the analysis.

The system efficiency for the PEMFC+LH> system has been set to a lower value (40%) than
the other PEMFC application, (45%) in this way, the energy needed for keeping the tank at
cryogenic temperature (-253 °C) is taken into proper account. The most performant solution
suggested by HELM is the PEMFCs+LH2 one. The second acceptable solution is ICE+FO,
which represents the state of the art. The use of LNG with mGTs or ICEs leads to worse
overall scores. The main advantage given by the use of PEMFC is certainly its zero
emissions, leading to great advantages in terms of free navigation areas. Moreover, storing
H2 in a liquid form it is possible to minimize the system volumes and weights being quite
competitive with the solutions with ICEs. The use of mGT in this application is less
competitive because of large weights and volumes without significative emissions reduction.
Indeed, in this scenario, the power units (high value for the required power and few
operational hours) mainly affect the results. Considering this aspect, the mGTs are the power
units with the highest volume and weight values. It is also possible to see how the use of
LNG (especially with mGT) allows for very low values of NOx emissions. Comparing the
ICEs solutions, the one with LNG has lower values for the emissions but, on the other hand,
the LNG storage system has higher volumes and weights if compared with FO tanks. As
predictable, PEMFCs have the highest costs, while the most developed technologies for
maritime application (ICEs) have lower costs.

215



3.2.1.2 Hotel load ferry cruise ship

The ship considered for a large size case is the Viking Sky ferry built by Fincantieri [103].
This ferry has a length of 228 m and a moulded beam of 28.8 m with a total gross weight of
47800 tons. The ferry is equipped with two MAN 9L32/44CR engines and two MAN
12V32/44CR engines for a total installed electric power of 23.5 MW. The propulsion
requests around 14.5 MW, hence it can be approximately considered that the electrical loads
related to hotel services and supply systems have a peak value of 9 MW. The operational
hours for this application can be assumed for about 24 hours. In this application, the
innovative technologies (PEMFC, mGT and ICE) are considered only to cover the loads
referred to hotel services and supply systems. This choice derives from the need for reducing
pollutant emissions mainly in ports, during the docking period, when the propulsion load is
zero. The ferry applications have different needs and requirements respect to the
small/medium size case. In this context, emissions are still a significant parameter but not
preponderant on volumes. Indeed, in ferry applications is extremely important to have most
space as possible for rooms and for commercial onboard activities like restaurants and bars.
Therefore, these two aspects are considered as the most relevant for this scenario. From an
economic point of view, costs cannot be neglected, while weights do not significantly affect
the choice of the best solution. The overall efficiencies for FC systems have been increased
if compared with the small/medium case because the systems for this application are usually
significantly oversized; therefore, fuel cells work mainly at partial loads, where their
efficiency is higher (as highlighted during GEI Project activities). The simulation provided
by the tool suggests LNG ICE as the best solution (total score 69): this is, in fact, the best
compromise in terms of emissions, volumes and costs. All the studied technologies are
feasible with the considered application even if the use of compressed Hz and metal hydrides
is not very competitive with the other technologies. PEMFC+LH, application (total score
67) is the best in terms of emissions without being significantly competitive in terms costs
and volumes, while the use of ICE+FO (total score 64) is the most performant in terms of
volumes, weights and costs but it is significantly penalized in terms of emissions. Using
ICE+LNG it is possible to obtain a good compromise.

3.2.1.3 Kattamaram ferry boat

In this section, the case study considered is the Kattamaram passenger vessel [102]: the
catamaran’s length is about 35 m, with a capacity of 200 passengers and a cruising speed of
5.4 knots. Typically, the propulsion system for this kind of craft is an internal combustion
engine, fuelled by Marine Gas Oil (MGO), with a total power of about 360 kW, this capacity
is used as a reference. In this work, the choice is to give the highest priority to pollutant
emission minimization since the application on a lake belongs to inland waters. Another
relevant parameter is the volume minimization that guarantees more space for passengers
and much higher profit for every single trip. The results obtained show how the
PEMFC+LH: solution can be considered the most suitable for the application requirements.
In fact, the use of PEMFCs guarantees no pollutant emissions; the hydrogen storage in a
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liquid form reduces volumes in a significant way if compared to the other hydrogen storage
technologies (compressed hydrogen or metal hydrides). The second most competitive
solution is the state-of-the-art one, with ICE fed by FO. This suggests how an improvement
in the actual scenario is really challenging to reach. In fact, the “state-0f-the-art” solution is
intrinsically related to cost minimization, also guaranteeing very compact solutions
specifically designed for naval applications. On the other hand, the penalizing parameter for
this technology is pollutant emissions that will be more and more restricted in future by IMO
rules.

The “state-of-the-art” solution leads to the highest score for what concerns costs, weight and
volume minimization, while it is strongly penalised in terms of pollutant emissions. Focusing
on PEMFC solutions, the use of LH2 guarantees space and weight improvement if compared
with CH2 storage. Figure 200 shows how the choice of the relevant parameter related to
pollutant emissions affects the total score results. Moving from the minimum value of 1 up
to the maximum value of 5, it is possible to note that the PEMFCs’ application, at the present
day, is the best solution only in scenarios characterized by a high priority in terms of
pollutant emissions minimization. In other scenarios, the ICE + FO solution is the best one,
since its clear advantages in terms of low costs, volumes and weights for the storage tanks.

TOTAL SCORE

Emissions Relevance Parameter

=0—PEM+LH2 PEM+CH2 =—o—ICE+FO

Figure 200 Impact of Emissions relevance parameter on the overall score for the main technologies

3.2.1.4 Modular storage system

In this study, the idea is to develop a low emission ship in compliance with the current
normative for onboard energy generation, avoiding the refuelling process and its issues
[104]. In order to reach this goal, the storages have to be placed inside standard containers
in order to guarantee safe and easy operations during the substitution process. The empty
storages will be re-filled in-land, respecting all the already existing normative, making them
available for being used on the incoming ships. The considered ship for this application
requires a power generation of 2 MW and an entire week period without docking.
Considering the peculiarities of this application, the relevance parameters in HELM have
been set in order to minimize costs and emissions, without neglecting the impact of volumes
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and weights. The state of the art (ICE+FO), in this scenario, represents the best solution
nowadays. While the application of mGT and ICEs with LNG can be considered promising
alternatives. Considering also the next future, with expected restrictions on pollutant
emissions, it is worth to understand the potential of the studied technologies in this context.
The scores detail shows that ICE+FO is the most compact and economic, while the PEMFC,
and secondly the mGT, represent the most competitive solution from the environmental point
of view. Among these, the PEMFC is strongly penalised by their high costs, while mGT is
competitive also in economic terms. Therefore, it can be concluded that, for the cited
application, mGT are the most interesting solution. Focusing on the application of this case
study, the use of 40 ft containers for energy storages (internal volume of 66 ma3) is
considered. Table 75 shows the impact of this configuration on the system dimensions. The
Ratio between the volume using containers and one of the storage system itself is also
provided in the table.

Table 75 Containers for storage system

PEMFC + LH2 mGT+LNG ICE + LNG ICE + FO

Storage system [m?] 1116 284 267 121
N° of Containers 17 5 5 2
Containers [m?] 1122 330 330 132

Ratio 1.00 1.16 1.24 1.01

It can be noticed that not a huge impact on the overall volumes can be expected by using
containers for modular system storage. Only the LNG solutions, moving to the use of
containers can have an increase of 16% or 24% in terms of overall volumes.

3.2.1.5 Use of innovative fuels onboard cruise ships

In this research work, innovative solutions, based on ammonia and methanol fuels, which
are attracting research in these years [73] [74], have been implemented in HELM and
investigated considering a specific maritime application [105].

Methanol (CH3OH) is liquid at ambient pressure and temperature, making it much easier
to manage and store onboard compared to gaseous fuels (i.e. Hz, CH4), which require
pressurization and/or refrigeration techniques in order to store it in liquid form. Methanol
has the highest hydrogen to carbon (H/C) ratio among liquid fuels, thus allowing for a
significant reduction in terms of COg; this aspect has recently attracted the attention for
applications in the maritime sector. Furthermore, methanol does not present SOx emissions
since it has not sulphur part in its composition. Methanol has a Lower Heating Value (LHV)
and an energy density lower than traditional marine fuel oils (HFO and MGO): with the same
energy required, the use of methanol needs a storage volume 2.5 times higher than the one
for traditional marine fuels. This aspect is partially compensated by methanol high octane
number, which allows for more complete combustion and higher efficiency. The retrofitting
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of infrastructure used for conventional marine fuels to methanol is possible with minor
modifications. Recently, the Stena Germanica RoPax ferry was retrofitted to run its engines
(24 MW) with a mix of 95% methanol and 5% MGO. The ship represents the world’s first
methanol powered ferry [106].

Ammonia (NHs) is a chemical compound based on nitrogen and hydrogen, naturally present
in vapour state at ambient pressure and temperature. It can be easily stored as a liquid in
pressurized tanks at ambient temperature and modest pressure (10 bar) or at ambient pressure
by refrigeration (-33 °C). The second solution is the most employed at an industrial scale, as
it presents lower initial investments. Liquefied ammonia is an easy solution for
transportation and storage, as it is not flammable, and it does not show a tendency to ignition.
Ammonia has an LHV comparable to methanol and its volumetric energy density is lower
than the one of traditional marine fuels: for the same amount of energy stored, NH3 storage
requires a space 2.5 times larger than HFO and MGO, which represent the state of the art.
NHs utilization is an interesting solution from the environmental standpoint, as it does not
contain carbon, thus it presents zero CO. emissions in its combustion. Moreover, it does not
present SOXx, particulate matter and CO pollutant emissions. Ammonia is identified as one
of the most interesting alternative fuels in a long-term scenario (2050) by IMO, as it would
allow for reducing GHG emissions, as it is carbon-free. Although it has remarkable potential,
its combustion in internal combustion engines needs an energy input for the ignition and
heavy modifications to the engine. Furthermore, its combustion generates emissions in terms
of NOx, therefore a system to manage the NOx is mandatory in order to respect the limits
set by IMO. In the end, it is worth notice that Ammonia is a dangerous fuel for human health,
therefore it has to be properly managed onboard and during the refuelling phases. The use
of ammonia in ICE requires the presence of an ignition fuel; usually, hydrogen directly
obtained from ammonia by installing a cracking unit. This aspect leads to additional volume,
weights and costs in the application of NHs on board.

To define the data required as input by HELM, reference was made to the Costa Diadema,
in navigation since October 2014. The ship is divided into 7 Main Vertical Zones (MVZ2),
i.e. vertical sectors designed to confine damage caused by accidents (e.g. flooding, fires) to
the affected area only, safeguarding areas not affected. In order to size the generation system
that takes charge of the hotel services demand, it is necessary to know the power loads: the
power required by the Diadema during the day reaches 8.5 MW, while the annual average is
7.5 MW. As a precautionary measure, an installed capacity of 9 MW is considered, which
guarantees the operation of the services even in the heaviest conditions, i.e. in the warmer
season, when the power absorbed by the air conditioning systems is maximum. 30 hours of
autonomy have been set. For what concerns the relevance of the performance parameters,
taking into account the scenario of this application, the priority is given to volume and costs
minimization despite the emissions.

The hotel load of the entire ship is served by a single, large plant, which is applied in a
scenario where the volume and cost of the systems have a higher priority than the emissions.
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In this work, the main goal has been to compare PEMFC applications with ICEs using
different fuels. It is worth considering that the use of PEMFC with metal hydrides will be
omitted in the next considerations since not compliant with the available volumes and
weights for the vessel analysed.

TcoRt
ICE + FO

ICE + LNG
ICE + MeOH 67
ICE + NH3
PEM + LH2 52

PEM + CH2 42

Figure 201 HELM resulting scores

Observing the scores, solutions with Hz and fuel cells are quite far from endothermic engine
solutions. The "ICE+FO" technology stands out due to its low weight, cost and volume. The
"ICE+LNG" technology manages to compensate the lower score in volume and weight with
better environmental performance, thus achieving the same score as the fuel oil engine.

The "ICE+MeOH" and "ICE+NH3" innovative technologies are ranked second and third
respectively. As mentioned, methanol and ammonia have low energy densities: for the same
stored energy, the use of these fuels requires a higher storage volume than conventional
marine fuel oils. For this reason, these two solutions obtain a low score for what concerns
the volume. Methanol engines benefit from the low cost, similar to the cheapest solution
('ICE+FO"), while ammonia treatment section (cracking unit) has a negative impact on the
investments required by the 'ICE+NHs3' technology, which receives a lower score in the 'cost'
category.

Compared to conventional technology, the use of a methanol engine provides a modest
reduction in carbon dioxide emissions, while NOXx is significantly lower. The ammonia
engine is disadvantaged by a high level of NOx emissions (equal to conventional marine fuel
oils) but largely offsets this with zero CO2 emissions.

The lowest scores are obtained by fuel cell technologies "PEM+LH>" and "PEM+CH>". The
volume, weight and cost are greatly disadvantaged by the storage units used to store high-
density hydrogen (by liquefaction at -253 °C in the first case, by pressurization up to 700 bar
in the second). Fuel cells guarantee the zero-emission of pollutants, but this aspect is not
very valued in the scenario considered, in which the most compact and convenient solutions
are prioritized.
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3.2.2 HELM in a maritime Distributed Generation application

In this section, HELM tool has been implemented to identify the best solutions applicable
for supplying the hotel load of a cruise ship for the duration of the port stop. The hotel load
includes passenger and crew services and auxiliary services on board and is connected to the
low-voltage electric grid.

In order to define the data required as input by the program, reference was made to the "Costa
Diadema” (Figure 202), belonging to the company Costa Crociere: launched on October 30,
2014, she was the flagship of the fleet until March 3, 2019, when she gave way to the more
recent "Costa Venezia" [107].

‘ Gross Tonnage
Engines 132500 tons
4x Wartsila 12V46C %M "\ /—1
2x Wartsila 8L46C B

— - e e

Total length AH /
306 m JE .
e72mw ) /

Passengers
4947

Total power |

Figure 202 Costa Diadema main characteristics

The significative technical data referred to the considered vessel are reported in Table 76.
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The vessel is structured in 7 Main Vertical Zones (MVZs), i.e. vertical sectors designed to
confine damages due to possible accidents (e.g. flooding, fire) to the affected area only,
safeguarding the uninvolved areas. In order to size the generation system that will take
charge of the electrical demand of the hotel services, it is necessary to properly estimate the
power required. Figure 203 shows that the power required by Diadema cruise ship during

Table 76 Costa Diadema Technical Data

Gross Tonnage (GT) 132500
Deeadweight (DWT) [1] L1018
Length over all [m] [ 106
Length betoeen perpendiculars [m] | 268.1
Molded breadth [m] a2
Pertons onboard G200
Passengers (max) 4947
MNumber of cabins 1862
Crew 1253
Max speed [knots] paf.
Cruise speed [knots) 20

Engines (fvpe, power)

4 % WHrnsls 12Va6C
2 X Whrtsila SL46C

Ceneralors tolal oulpul [KW)

Propulsion {machinery Iype)

G700

diezel = electne

Power (propulsion, [KW]) 42004
Fropellers (numberitype) 2 & fixed pitch
Beow/stern thnasters (numiber ) L

the day reaches over 8.5 MW.

Electric Demand [kW]
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W
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Time

Figure 203 Hotel electrical load
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As a precautionary measure, an installed power of 9 MW is considered, which guarantees
the operation of services even in the most severe conditions, which can be reached, for
example, in the hottest seasons, when most of the power is absorbed by the air conditioning
systems. The average length of the stopover in ports is 12 hours, thus the installed systems
must be able to supply the hotel load for 15 hours to be conservative. However, in order to
guarantee autonomy for two stopovers, the sizing of the storage systems is carried out
considering 30 hours of autonomy. For what concerns the relevance parameters definition
the chosen values are here reported and motivated:

Volume (3): for a cruise ship, it is preferable to use compact systems in order to
maximize the space available for rooms and hotel services.

Weight (1): since it is not a critical point for a vessel, its relevance is set to the lowest
value. Furthermore, this value is somehow linked to the volumes, therefore giving a
high value to this parameter it is possible to overestimate these aspects.

Cost (3): in a commercial application, the limitations of cost is important in order to
make feasible the investment and the management of a cruise ship.

Emissions (4): considering a future scenario, where limitation of pollutant emission
will represent a fundamental aspect, high priority is given to the reduction of
pollutant emissions.

The technologies considered in this study are:

Fuel Cells: the main FC application for the transport context is related to PEMFC
technology directly fuelled by hydrogen. Two hydrogen storage systems are taken
into account: LH> and CH>. Furthermore, in this study, it is also considered the use
of SOFC fuelled by LNG, even if this technology presents some drawbacks for
transport application (i.e. low vibrations resistance due to the presence of ceramic
material.

MGTs: as emerged also from GEI project, the use of natural microturbine seems
promising for maritime applications, especially in a mid-term scenario.

ICEs: as state of the art and most employed technology in maritime applications,
internal combustion engines cannot be neglected. Anyway, with the aim of
minimizing the pollutant emissions of ICE applications, different fuels are
considered (FO, LNG, MeOH and NH).
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Figure 204 HELM screenshot with the implemented technologies

In order to better understand the impact of distributed generation, the evaluation has been
carried out considering the two cases commented below:

= Case 1: the electrical demand of the hotel services is supplied by a single 9 MW
plant;

= Case 2: each MVZ is equipped with a dedicated plant, with a size of 1.3 MW each
(distributed electrical generation).

3.2.2.1 Case 1 Simulation and results

In this case, HELM is applied in order to perform the evaluation of a centralized generation
unit with a size of 9 MW. In this scenario, the evaluation regards a centralized system
installed on board. Once that the inputs have been properly implemented, the results of the
comparison are computed by HELM and reported in Figure 205.

In the considered scenario, giving priority to the minimization of emissions, HELM tool
suggests as most promising technology the use of PEMFC coupled with Liquid hydrogen
storage. This solution is indeed related to zero emissions even if has some limitations
concerning weights, volumes and costs (in particular due to the storage system). It is anyway
worth considering the application of ICE+LNG that represents a more economical solution
linked to limited pollutant emissions. Also in this case, even if more limited, some drawbacks
in terms of volume and weights are present (mainly due to the LNG storage system) as
reported in Figure 206. Below the two most promising technologies, it is possible to consider
as intermediate solutions the use of ICE with different fuels (NHs, MeOH and FO) or the
application of mGT with LNG. The use of NHs is really performant in terms of CO:
emissions, but the need for a cracking system leads to additional costs and volume if
compared with the FO solution that is the most compact and economic but also affected by
highest emissions. The use of MeOH is really competitive in terms of costs, but in terms of
volume and weights, the lower energy density of MeOH respect to FO leads to lower scores.
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Furthermore, the presence of NOx and CO; emissions, even if limited, slightly penalizes this
solution.

PEM + LH2
ICE + LNG 82
ICE + NH3

ICE + MeOH 76
!E
mGT + LNG 75
ICE + FO 74
PEM + CH2 70
SOFC + LNG 52

Figure 205 HELM Score results for Case 1

4. PEM+LH2 Score Detail — * 7

VOLUME SCORE: 21 VOLUME SCORE: 27
WEIGHT SCORE: 9 WEIGHT SCORE: 9
COSTS SCORE: 15 COSTS SCORE: 30
CO2 EMISSIONS SCORE: 20 CO2 EMISSIONS SCORE: 10
NOx EMISSIONS SCORE: 20 NOx EMISSIONS SCORE: 6

Figure 206 Score detail for PEM+LH2 and ICE+LNG solutions

In the end, the application of mGT is a really intermediate solution. In this sense, this solution
is linked to rather limited emissions; while the mGT unit is compact but slightly costly (if
compared to ICE). The presence of an LNG storage system, in addition, requires additional
volumes and weights.

The solution of PEMFC+CH2 and SOFC+LNG are not significant for this application
because of the huge storage volumes (CH2) and the high technology costs (SOFC), as
highlighted by the detailed results provided by HELM in Figure 207, where the SOFC
solution is compared with the mGT one.
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4| SOFC+LNG Detail - * )

Fuel Needed [kg] 4.596e+0! Fuel Needed [kg]

Storage Volume [m3] Storage Volume [m3] 278.6
Storage Weight [tons] 25.58 Storage Weight [tons] 36.!
Storage Cost [USD] 1.883e+0! Storage Cost [USD] ;
SOFC Volume [m3] 114: mGT Volume [m3]

SOFC Weight [tons] 493.7 mGT Weight [tons]

SOFC Cost [USD] 2.25e+07 mGT Cost [USD]
CO2 Emissions [kg] 1.264e+05 CO2 Emissions [kg]
CO Emissions [kg] 0 CO Emissions [kg]
NOx Emissions [kg] 85.56 NOx Emissions [kg]
SOx Emissions [kg] 0 SOx Emissions [kg]
HC Emissions [kg] HC Emissions [kg]

Figure 207 Detailed data for mGT and SOFC solutions

The higher system efficiency of SOFC (45%) respect to mGT (30%) leads to better storage
system performances, since the same fuel is used. Anyway, moving to the power units, the
mGT shows significant better performances in terms of volumes and weights. Considering
the costs, SOFC appears still like a more prototypal solution; therefore, this technology can
be considered as not already mature for a maritime application.

3.2.2.2 Case 2 Simulation and results

The second case is the real scope of this study: the development of a distributed generation
scheme on board of a cruise ship, similarly to what has been presented in the GEI Project.
Furthermore, this time, thanks to the use of HELM tool, there is the chance to evaluate and
compare properly all the solutions taking into account all the main aspects with their
respective relevance. As mentioned before, moving from a centralized scheme to a
distributed one, the power installed decreases from 9 MW to 1.3 MW; while the relevance
parameters remain the same as before. The results of the comparison provided by HELM are
reported in Figure 208.
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ICE + NH3
ICE + FO 74
ICE + MeOH

PEM + LH2 72
ICE + LNG 6

PEM + CH2 64
mGT + LNG 58
SOFC + LNG 40

Figure 208 HELM score results for Case 2

It is worth noting that, moving from centralized to distributed generation, the cryogenic
storages are strongly penalized respect to the other kind of storages. Therefore, this time, the
solution suggested by HELM is the application of ICE with ammonia. This solution, indeed,
allows to a promising CO2 emissions reduction, without being strongly penalized by the
storage system. The state-of-the-art technology (ICE+FO) is really performant in a
distributed generation scenario, despite its high emissions, thanks to the well-proven
technology that guarantees compact and economic solution at any scale. Anyway, methanol
application and PEMFC+LH: are really competitive. The use of ICE+MeOH leads to a
promising volumes and weights limitation linked to small emissions, furthermore this can
be considered as a really economic solution. On the other hand, the use of PEMFC+ LH>
owes its high score to its zero emissions, but it is penalized by costs and storage dimensions.
Figure 209 confirms what has been stated in the previous lines. In particular, concerning
volumes and weights, the ICE+FO solution gets the highest score; while the MeOH solution
presents performant volumes even rather penalized by the lower energy density of methanol
if compared with FO.

) 4 4 4 ICE+NH3 Score Detail - X
VOLUME SCORE: 12 VOLUME SCORE: 21 VOLUME SCORE: 30 VOLUME SCORE: 18
WEIGHT SCORE: 5] WEIGHT SCORE: 10 WEIGHT SCORE: 10 WEIGHT SCORE: 9

COSTS SCORE: 15 COSTS SCORE: 30 COSTS SCORE: 30 COSTS SCORE: 27

CO2 EMISSIONS SCORE: 20 CO2 EMISSIONS SCORE: 8 CO2 EMISSIONS SCORE: 2 CO2 EMISSIONS SCORE: 20

NOx EMISSIONS SCORE: 20 NOx EMISSIONS SCORE: 4 NOx EMISSIONS SCORE: 2 NOx EMISSIONS SCORE: 2

Figure 209 Case 2 Score detail for PEM+LH:, ICE+MeOH, ICE+FO, ICE+NHs3
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Considering the NHs solution, the performances are affected by the presence of the cracking
system that leads to additional volume, weights and costs if compared to MeOH solution.
The presence of the cracking system affects also the score related to costs, that for NH3
solution is slightly lower than the similar technologies (ICE+MeOH and ICE+FO). As
mentioned before, the solution with PEMFC+LH. does not present excellent performances
in terms of weights and volumes (mainly due to the cryogenic storage system), and also the
costs are quite high if compared with SoA solutions (mainly due to the PEMFC cost).
Concerning the emissions, the PEMFC solution is obviously the best, since no emissions are
observed. As mentioned, ICE+FO has the worst performances in terms of emissions, while
the MeOH and NHs solutions are an intermediate solution. The latter one has zero CO-
emissions but needs some treatment in order to reduce NOx emissions; MeOH on the other
hand has no zero emissions, but both CO, and NOx emissions are limited.

For what concerns the LNG technologies it is worth considering more in detail the values
reported in Figure 210.

4.

Fuel Needed [kg] 9957
Storage Volume [m3]
Storage Weight [tons]
Storage Cost [USD]

mGT Volume [m3]

mGT Weight [tons]

mGT Cost [USD]
CO2 Emissions [kg]
CO Emissions [kg]

NOx Emissions [kg]
SOx Emissions [kg] 0]
HC Emissions [kg] 3.042

Fuel Needed [kg]

Storage Volume [m3]
Storage Weight [tons]
Storage Cost [USD]

ICE Volume [m3]

ICE Weight [tons]

ICE Cost [USD]

CO2 Emissions [kg]

CO Emissions [kg]

NOx Emissions [kg] 71.69
SOx Emissions [kg] 0]

HC Emissions [kg] 27.57

4. |CE+FO Detail — X

Fuel Needed [kg] 1.003e+04
Storage Volume [m3] 15.58
Storage Weight [tons] 2.93
Storage Cost [USD] 4922
ICE Volume [m3] 18.37
ICE Weight [tons]

ICE Cost [USD]

CO2 Emissions [kg]

CO Emissions [kg]

NOx Emissions [kg]

SOx Emissions [kg]

HC Emissions [kg]

Figure 210 Details on the values provided by HELM for mGT+LNG, ICE+LNG, ICE+FO

Starting from a comparison between ICE+LNG and ICE+FO, considering that the power
unit is the same in terms of volumes, weights and costs, it can be seen that the main difference
between this technology is the storage system performances. The LNG tank indeed requires
higher volume, costs and weights than the FO ones. From this aspect derives the main
differences in terms of overall scores between the two technologies.

On the other hand, the mGT has similar values in terms of storage system compared to the
ICE+LNG one; in fact, the storage system is the same. The most penalizing aspect for this
technology is related to the generation unit. The mGT requires higher volumes, weights and
costs if compared to ICE. In this aspect resides the low overall performances of this solution
for the considered maritime application; on the other hand, in terms of emissions the
presence of mGT is really competitive, especially for NOx.
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In order to confirm the detailed values obtained using the database implemented in HELM
tool, it is possible to compare the data of mGT reported in the GEI project detailed study
with the one provided by HELM simulation. Table 77 collects the obtained results.

Table 77 HELM Database validation on GEIl Data

HELM result (1300 kW) GEI analysis (800 kW)

Volume [m?] 104.2 65.25
Weight [tons] 27.14 14.10
Cost [kUSD] 830 816

In accordance with what seen in the simulations, we can evidence that the motorization with
natural gas is more suitable to the realization of centralized plant, promoted by the smaller
total weight and from a considerable saving of space.

It can be observed that the distributed electric generation is always associated to greater
investments, due to aspects such as the employment of a greater quantity of material, greater
labour charges etc.

However, the advantages of distributed power generation should not be ignored, thanks to
which (for instance) the problems caused by the failure of a single plant are limited.

The ICE+MeOH technology has obtained good results thanks to its reduced weight and cost.
Moving on to a scenario focused on environmental performance, methanol motorization
overcame the traditional solution, standing out for lower carbon dioxide and nitrogen oxide
emissions. With distributed electric generation, the methanol engine becomes one of the
solutions recommended by the software: already advantaged by its light weight, low cost
and modest polluting emissions, this technology prevails over gaseous fuels (Hydrogen and
Natural Gas) thanks to the greater ease of storage, which is not affected by the reduction in
plant size.

From the results of the first simulation, it emerges that PEMFC+LH; and ICE+LNG powered
solutions are preferable to the ammonia engine, whose environmental performance has
limited relevance in the considered context.

Moving on to subsequent simulation, the ICE+NH3z technology overcomes the other
solutions, becoming the first technical solution recommended by the software in the case of
distributed power generation. The strengths of the technology ICE+NHs3 are the relatively
low weight, the competitive cost and the absence of CO2 emissions, particularly appreciated
in this mid/long-term scenario. In addition, it should be noted that ammonia, compared to
other liquefied gaseous fuels, is easier to bring to a liquid state, as it is sufficient to reach -
34 °C, compared to -166 °C in the case of LNG and -253 °C in the case of hydrogen.
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In all the simulations, the fuel oil engine is shown to be the reference solution for weight,
volume and low cost. The higher priority currently given to these aspects is the reason why
this technology remains the most applied solution today. However, as environmental
awareness becomes more prevalent, it will be complicated for this powertrain to meet the
increasingly stringent emissions regulations expected in the future, as shown in Figure
205.The only solution to justify a future application of fuel oil engines is the one related to
distributed generation on board, that with a proper management could guarantee and increase
of the overall system efficiency (as demonstrated in GEI project).

Fuel cell technologies fail to compete with endothermic engine solutions in a current
scenario, where greater priority is given to compactness and system cost. The metric used in
this study values the complete absence of polluting emissions guaranteed by fuel cells, which
therefore manage to obtain promising scores. The PEM+LH solution, in particular, succeeds
in containing the overall dimensions and weights of its storage units, managing to compete
with endothermic engine technologies both in the case of a single plant and in the case of
distributed electricity generation. Considering the strong modularity of PEMFC technology,
it can be observed that, apart from the difference in the investments required, the
performances offered by the technology PEM+LH; do not change passing from the single
plant to the distributed electric generation system. It is worth noting, however, that the power
typically delivered by fuel cells requires to employ several units to reach the centralized
power of 9 MW (since that currently there are no systems available larger than 1 MW), so it
could be more convenient to collect the entire plant in a single electrical generation system,
avoiding the installation of a dedicated voluminous cryogenic unit in each MVZ.
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4 Conclusions

In this work, it has been analysed in detail the use of micro Gas Turbines in distributed
generation. As an introduction it has been necessary to describe the current regulation,
constraints and incentives that distributed generation has to face with a particular focus on
the Italian scenario, that reports European directives on the Italian territory. A particular
focus on the most employed or promising technologies has been also developed, focusing in
particular on the micro Gas Turbines benefits and drawbacks. This technology is in fact, in
this work, investigated in two different innovative scenarios: a residential and a maritime
one.

The residential application takes place within the H2020 project ENVISION, that aims to
accelerate the development of Zero or Positive Energy Building and to test its integration in
a Distributed Generation Network. The first step has been, therefore, to properly design the
system that will be tested in Savona Campus, where a mGT will be installed together with
an HP supplied by facade thermal solar panels. The choice of Savona Campus allows,
indeed, to interact with the Smart Poly-generation Microgrid present in this venue of the
University of Genoa. The preliminary evaluations led to the definition of system size, giving
the input for a market investigation with the aim of purchasing the necessary elements to
prepare the Savona demo site. In parallel, it has been necessary to develop models of the
components involved in the Savona Demo with the aim of optimizing the system
configuration in a general context. Then, once the optimized layout of the demo site has been
decided, proper management of the system, on a district scale, has to be developed. To do
that, in order to provide general best practices of system management, different simulations
have been done using the optimization software (W-ECoMP) developed by the author’s
research group. In the end, based on these guidelines and the developed models, a Model
Predictive Control has been implemented. It is worth considering that these analyses will
have a complete validation of the results once that the experimental campaign will be
developed at Savona Campus. Unfortunately, due to COVID-19 pandemic, this experimental
campaign has been postponed to the second half of 2021.

Considering the obtained results, the demo site consists of:

e 100 m? of fagade solar thermal panels, for a thermal power of around 20 kW

e 10 kWe Heat Pump, using as a working fluid R134a since that the required
temperature allows the use of standard fluids

e 100 kWe micro Gas Turbine, in a CHP configuration able to produce also 150 kWth

e 500 | Thermal Energy Storage

For what concerns the economic consideration, the cost related to the electricity
consumptions of the HP is the most relevant. In parallel, the cost of solar fagade panels has
to decrease in order to make the ENVISION technology package a promising solution also
under the economical point of view. Anyway, in order to maximize the overall system
performances, it is necessary to maximize the facade surface involved in panels installation.
The management strategy confirms that the presence of thermal storage is necessary in order
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to guarantee proper tracking of both thermal and electric demands. Furthermore, the
calculations suggest the use of seasonal thermal storage in order to maximize the overall
efficiency of the system. The economic aspect, calculated in terms of LCOE, suggests that
the definition of the mGT size has to be precisely designed in order to maximize its
exploitation during the overall system operation since the mGT represents the major voice
of costs. In order to guarantee proper management of the system and advanced MPC has to
be implemented in order to take into account both energetic and economic aspects. The
architecture of control, developed in Matlab Simulink ambient, will be tested and tuned
during the experimental campaign. It is worth noting that, a preliminary test campaign has
been already performed in order to evaluate the impact of insulation in the back of a panel
in order to avoid dissipation, despite decreasing the possibility to use the thermal panels as
an external ambient heat exchanger. The results obtained confirm that it will be promising
the provision of proper insulation in the back of the panel.

An innovative application of distributed generation has been considered for maritime
application, in particular on board of cruise ship in order to supply the hotel loads, within
the context of GEI project in collaboration with Fincantieri and CNR.

Moving to the maritime application, the choice of the most promising technology has to
consider also aspects related to volumes and weight, in addition to the common energetic
and economic evaluation. A detailed analysis has been performed with the aim of evaluating,
among different technologies (such as mGT), which can be the most interesting for a
distributed generation application on board of cruise ship. After a preliminary comparison,
a detailed analysis has been performed in a time-dependent analysis that highlights the good
performances of PEMFC in partial load.

From GEI project it has been deduced the necessity of developing a comparison tool able to
consider the different priority to be given to economic, environmental and volume aspects.
HELM tool aims to cover this necessity, on activities that are getting more and more
interesting in the maritime sector. A description of the tool is developed, and then some case
studies are cited.

A particular focus is given to the study of a distributed generation application, in comparison
with the same power supply in a centralized configuration.

Among the considered technologies for power generation on board, in order to be compliant
with future emissions restrictions, the most promising solutions are represented by
innovative fuels with internal combustion engines and PEMFC application with Liquid
Hydrogen Storage. In this context, the use of micro Gas Turbine is quite penalized by the
need of Liquid Natural Gas Storage.

Considering the interesting in the use of PEMFC in maritime applications, more detailed
studies have been performed in research projects for Fincantieri. The main aim of these
activities is to study the dynamics related to hydrogen and oxygen supply to the fuel cell
system in order to avoid issues on the delicate operation of the PEMFC. The results related
to these activities are not included in this work, since represents a trade secret of Fincantieri
included in its intellectual property.
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The presented study can represent a basis for the development on field of DG technologies,
testing the real benefits of the proposed management strategies. In particular, for what
concerns ENVISION project, the designed plant will be implemented and tested also under
the management rules suggested in this work. Evaluating the most relevant Key Performance
Parameters (KPIs) of the system over a yearly basis, it will be then possible to understand
the benefits (economic and environmental) given by both technologies and management
strategies. It is worth noting that the proposed methodology has a general value. Modifying
the boundary conditions (ambient conditions and energy demands), it will be possible to
perform the proposed methodology in different scenarios, using the same models. This last
aspect could be promising when considering the potential of the technology in different
geographic locations.

Furthermore, the study performed within the maritime sector reports relevant and significant
results towards the reduction of onboard emissions. The presented study within GEI project
has been used by Fincantieri as a milestone in order to understand which are actually the
technologies that worth effort for being used on board of cruise ship. The next step will
consider a detailed analysis of these relevant technologies. Some of these studies have been
already performed by the author inside studies funded by Italian Navy and, therefore, the
obtained results can not be published.

On the other hand, the presented tool HELM, developed by the author, gives the possibility
to exploit relevant results on a wide scale, involving many stakeholders. Using HELM, it is
then possible to evaluate many different technologies in various applications in a short time.
HELM can be easily enhanced including additional technologies or updating the database.
One of the most relevant enhancements that will be done in the future is the introduction of
batteries in stand-alone mode or coupled with Fuel Cell.

Concluding, the ambition of this work has been to demonstrate the main constrains and
potentialities of innovative technologies in both residential and maritime sector, describing
which can be the most promising technologies and the best way to manage it on order to
satisfy the energetic loads reducing operational costs and emissions.
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