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Solid oxide fuel cells (SOFC) have developed to a mature technology, able to achieve
electrical efficiencies beyond 60%. This makes them particularly suitable for off-grid
applications, where SOFCs can supply both electricity and heat at high efficiency.
Concerns related to lifetime, particularly when operated dynamically, and the high
investment cost are however still the main obstacles toward a widespread adoption of
this technology. In this paper, we propose a hybrid cogeneration system that attempts
to overcome these limitations, in which the SOFC mainly provides the baseload of
the system. Introducing a purification unit allows the production and storage of pure
hydrogen from the SOFC anode off-gas. The hydrogen can be stored, and used in
a proton exchange membrane fuel cell (PEMFC) during peak demands. The SOFC
system is completed with a battery, used during periods of high electricity production.
We propose the use of a mixed integer-linear optimization framework for the sizing
of the different components of the system, and particularly for identifying the optimal
trade-off between round-trip efficiency and investment cost of the battery-based and
hydrogen-based storage systems. The proposed system is applied and optimized to two
case studies: an off-grid dwelling, and a cruise ship. The results show that, if the SOFC
is used as the main energy conversion technology of the system, the use of hydrogen
storage in combination with a PEMFC and a battery is more economically convenient
compared to the use of the SOFC in stand-alone mode, or of pure battery storage. The
results show that the proposed hybrid storage solution makes it possible to reduce the
investment cost of the system, while maintaining the use of the SOFC as the main energy
source of the system.

Keywords: SOFC, PEMFC, cogeneration, off-grid energy systems, hybrid system, energy storage

1. INTRODUCTION

In this paper, we present a cogeneration system meant for off-grid applications. The proposed
system is centered around its main unit, a solid oxide fuel cell (SOFC), that generates electric power
and heat. The anode-off gas of the SOFC is upgraded and purified for hydrogen production, which
is stored for later use in a proton exchange membrane fuel cell (PEMFC). The main, innovative idea
of this work is to include in the system a combination of energy storage in the form of electricity
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(batteries) and hydrogen. This allows the reduction of peak
energy demands, thus increasing the average load of the SOFC
and decreasing its installed size, and the operation of the SOFC
at close to constant load, thus increasing its durability.

1.1. Background

As concerns over anthropogenic greenhouse gas (GHG)
emissions increase globally, new technical solutions are
becoming available to maintain today’s life standards while
moving toward a more sustainable use of natural resources.

In this context, off-grid applications (i.e., users not connected
to a country’s main electrical grid) are assuming an increasingly
important role in the future energy systems. On the one hand,
almost the entire transportation sector (with the exception of
trains) can be considered as made of oft-grid systems (e.g., cars,
trucks, planes and ships). On the other hand, it is expected that
nearly half of the communities that today do not have access
to electricity will recur to off-grid systems, especially in rural
areas (IEA, 2017). More generally, several factors contribute to a
renewed interest in small-scale generation. Among them are the
cost and public opposition to new transmission lines and large
power plants, the need of reducing the vulnerability of the supply
chain in centralized systems, and the increased performance of
small power technologies (Mandelli et al., 2016).

While a large part of the growth in micro-grid is expected to
come from renewable and hybrid systems (IEA, 2017), today still
a major part of isolated, off-grid power supply is provided by
Diesel generators (IEA, 2017). This is however starting to raise
concerns, mostly related to their impact on the environment and
to their relatively low conversion efficiency.

1.2. High-Temperature Fuel Cell
Technology

Because of their high efficiency and low pollutant emissions,
fuel cells have become an attractive solution for off-grid and
micro-grid applications. The major types of fuel cells are: low-
temperature alkaline fuel cell (AFC), PEMFC, phosphoric acid
fuel cell (PAFC), and high-temperature molten carbonate fuel cell
(MCEC) and solid-oxide fuel cell (SOFC). All three types of low-
temperature fuel cell technologies are mature and commercial.
However, their low operating temperatures (below 100°C) make
them unattractive for combined heat and power generation.
More importantly, they suffer from water management issues,
low fuel flexibility (low CO, or CO tolerance and strict H,-purity
requirements), and a relatively fast degradation.

High-temperature fuel cells operate at over 600°C, which
provides a higher potential for combined heat and power
production, a high fuel flexibility for various gases and liquids
(e.g., methane, ethanol, methanol, propane, LPG, diesel, DME,
ammonia, and more), and a higher carbon tolerance, with
CO even acting as a potential fuel. SOFCs in particular have
demonstrated high efficiency, availability and reliability, and
good durability (SOLIDpower, 2017). State-of-the-art SOFC
systems provide an electrical efficiency of around 60% and a CHP
system efficiency up to 85-90% (Giir, 2016). SOFC-GT hybrid
system can even achieve electrical efficiencies of as high as 70%
(Buonomano et al., 2015).

Given their high efficiency, low pollutant emissions and high
fuel flexibility, SOFCs have been suggested by several authors
for their application as power supply to oft-grid energy systems.
A 1 kW, Diesel-fuelled SOFC was shown to reach a net system
efficiency of 45%, higher than any internal combustion engine
(ICE) of similar size (Dhingra and Peppley, 2013). Based on the
fuel flexibility of SOFC systems, which allows them to also be run
on biogas (Van Herle et al., 2004), their use was also suggested
in association with the use biogas from biowaste in an off-grid
power plant (Cozzolino et al., 2017), and on syngas for an off-
grid residential application (Yang et al., 2014). SOFCs were also
suggested for application as main and auxiliary power units in
road transportation, (Aguiar et al., 2007; Bossel, 2015; Dimitrova
and Maréchal, 2017), maritime transport (van Biert et al., 2016)
and for aircraft powering (Santarelli et al., 2010; Romeo et al.,
2012).

1.3. Dynamic Response of SOFC-Based

Systems

Degradation and lifetime are among the main challenges for
a wider adoption of SOFCs in the market (Yokokawa et al.,
2008). Long-term operation of SOFC systems is particularly
demanding because of the high level of integration within the
system and of its vulnerability against electro-chemical, thermal,
and mechanical stresses. Mueller et al. (2007) suggested a list of
precautions for limiting cell degradation in SOFC systems. This
included, among others, that the operating temperature of the
cells should remain within 10 K of its nominal value, and that
the fuel cell voltage should be kept constant to avoid high local
heat production rates.

Although lifetime is considered an issue for SOFCs, system
duration of 40,000 h are a reasonable objective for SOFC
technology (Tu and Stimming, 2004), and a runtime record of
SOFC systems of 10-year continuous operation was recorded
(SOLIDpower, 2017). However, most of these results are
related to steady-state operations, while there is a rapidly
increasing interest in the use of SOFC systems in off-grid
applications instead of base load. All of the issues related to
fuel cell degradation become more challenging when considering
dynamic operating conditions and, in particular, sudden changes
in the electrical demand of the system (Bae et al., 2018). This is
due to two, main phenomena: load cycling and thermal cycling
Hawkes et al. (2009). Load cycling is mainly connected to the
variation of fuel utilization, and is hence related to any non-stead
state operation of the fuel cell. This can lead, depending to the
SOFC type and of the cycle it is subject to, to a degradation of as
much as 1% over 30 cycles (Bujalski et al., 2007). Thermal cycling
is mostly connected to system shut-downs, when the system
is not expected to generate power for an longer period. While
Protonex (2015) announced a portable SOFC of 20 kW rated
power to be used as an off-grid or emergency generator, claiming
maintenance intervals exceeding 2,000 h, cycling and start-and-
stop operations are still recognized as challenging operational
conditions for SOFCs (Jacobsen et al., 2013).

Maintaining steady operating conditions during transients
is a major challenge in SOFC-based systems operation

Frontiers in Energy Research | www.frontiersin.org

January 2019 | Volume 6 | Article 139


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Baldi et al.

Hybrid SOFC-PEMFC

(Fardadi etal.,, 2016). Of the three main dynamic response
characteristics that take place in a SOFC during load-following
(electrochemical responses, species concentration and mass flow
responses, and thermal responses), the second one is the most
critical for cell performance and degradation (Yang et al., 2017).
Load transients are often characterized by a larger power demand
when compared to steady-state loads (Wu and Gao, 2017), and
the probability of failure in SOFC stacks is significantly higher
during transients because of the temperature variations involved
(Nakajo et al., 2012a,b).

While there is extensive interest in optimal dynamic control
of SOFC systems, an alternative approach to increasing the
lifetime of SOFC-based systems is based on including other
elements in the system that allow reducing the load changes
of the fuel cell, both in rate and in magnitude. Batteries are
commonly proposed as a way to mitigate load variations and
reduce the installed size of the SOFC (Wachsman et al., 2012).
The use of batteries (or of other electrical energy storage devices,
such as ultra-capacitors; Das and Snyder, 2013) allows for a
better dynamic response of the system and for better system
economics given that the installed size of the SOFC can be
reduced and the average load of the SOFC increased. In the
case of vehicles, in addition, it was shown that a combined
SOFC-battery power system could provide a significant reduction
in the weight of the system (when compared to pure battery-
powered vehicles) and in the investment cost (when compared
to pure SOFC-powered systems) (Aguiar et al., 2007). These
systems have been also proposed for application in off-grid
base transceiver stations (Brunaccini et al., 2017). However,
systems that only rely on batteries for energy storage have
limited capacity due to the high cost, weight and volume of the
batteries.

Different alternative systems were proposed in literature to
deal with the required dynamic performance in SOFC-based
systems. Flywheel were suggested as an alternative to batteries
to reduce load-fluctuations for a marine application (Tse et al.,
2011). Jia et al. (2015) proposed a SOFC-GT hybrid where the
design of the system and the sizing of its components were
adapted to improve its overall transient performance, but at
the cost of a decrease in system efficiency (Jia et al., 2015). In
residential applications, where the system is generally connected
to the electric grid, the challenge is generally to follow the
heating demand. In these regards, heat storage is often indicated
as a potential solution for dealing with load fluctuations and
avoiding over-dimensioning of different components of the
system (Wakui and Yokoyama, 2014; Yang et al., 2014).

SOFCs can be used to produce a combination of electricity,
hydrogen-rich synthesis gas, and high-temperature heat.
This makes them particularly suitable both for stand-alone
applications and integrated with other thermal cycles or energy
conversion technologies (Zhang et al., 2010). An example of this
approach is proposed by Obara (2010), who suggests to exploit
the waste heat from a SOFC in a reformer to generate hydrogen
to be used as fuel for a PEMFC, with the introduction of a heat
storage system to allow for a better handling of load fluctuations.
This allows not only the integration of the reforming of the
natural gas, but also the ability to shift it in time with respect to

the operations of SOFC, which act as the source of waste heat for
the reforming reaction.

1.4. Hybrid SOFC-PEMFC Systems

More generally, several authors have suggested to exploit the
flexibility of SOFC systems for the combined production of
electric power and hydrogen. Perdikaris et al. (2010) proposed
a system for the production of electricity, heat and hydrogen
that could be operated in two modes: one for power generation,
and one for hydrogen generation. The concept, involving the
coupling of a SOFC and a SOEC as separate units, proved quite
challenging to control. Becker et al. (2012) introduced instead
the concept of purifying the anode off-gas of a SOFC to produce
hydrogen as a useful system output, achieving close to 70%
efficiency in the combined generation of power and hydrogen,
and over 85% efficiency when waste heat was also accounted.
Similar results were obtained by Leal and Brouwer (2005), who
also showed that internal reforming is more appropriate for this
types of systems, if estimated based on first-law efficiencies. The
co-production of electricity and hydrogen based on a SOFC was
also simulated by Shaffer and Brouwer (2014) based on real
data for the demand of a commercial building, using a 2-D
model that allowed investigating the effect of a highly-dynamic
load on the internal properties of the fuel cell. Hemmes et al.
(2008) simulated these systems in detail, for different types of
operational modes, showing that these systems can be operated
flexibly, i.e., varying the share of electric and hydrogen power.
Pérez-Fortes et al. (2018) proposed the design of an SOFC-
based co-production system for electricity and hydrogen, based
on the multi-stage optimization procedure proposed by Mian
et al. (2016), thus achieving a combined efficiency above 65%
(excluding waste heat) that is maintained over a wide range of
combinations of hydrogen and power generation.

Hydrogen can be used as fuel for other units. The combination
of a SOFC with a proton exchange membrane (PEMFC) system
was first introduced by Vollmar et al. (2000). The integration
of a hydrogen purification unit downstream of the SOFC allows
operating the cells at a lower fuel utilization rate, thus resulting in
a lower Nernst loss. This allows for a higher overall efficiency of
the system, as the hydrogen not converted in the cell is recovered
and used in the PEMFC downstream. In addition, using the
hydrogen that leaves the SOFC stacks in a fuel cell, instead of
a burner, improves the overall efficiency of the system. This
consideration is based on the assumption of using exergy to
measure the combined quality and quantity of energy, according
to which hydrogen is more valuable than waste heat regardless of
the temperature (Kotas, 2013).

Initial results based on simulations showed that SOFC-
PEMFC hybrid systems can reach 61% net electric efficiency
(Dicks et al., 2000; Tan et al., 2016) and overall efficiency up to
90% (Subramanyan et al., 2004; Tan et al., 2016), a significantly
higher value compared to a reformer-PEMFC system and and
to the early stand-alone SOFC systems (efficiency of around
50%). In addition, the initial estimations presented by Dicks
et al. (2000) for the capital cost of the system suggested that
the SOFC-PEMFC hybrid system can have a better economic
performance compared to other systems of similar power output
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(Dicks et al., 2000). Similar results where obtained in the work
of Yokoo and co-workers (Yokoo and Take, 2004; Yokoo et al.,
2006, 2007), who showed that the electrical efficiency of a hybrid
SOFC-PEMFC can be up to 5% higher than that of a stand-
alone SOFC system, a value that is comparable to SOFC-GT
systems. Compared to the latter, the SOFC-PEMFC hybrid has
the characteristic, typical of fuel cells, of an electric efficiency that
does not depend on the size and on the load on the system.

To the best of our knowledge, however, the use of SOFC-
PEMEFC systems, where the hydrogen purified from the anode
gas flow of a SOFC is used as storage medium and, hence, allows
to decouple the power generation of the SOFC and the PEMFC,
has not yet been studied. This strategy would allow reducing the
investment cost of the system, given the lower cost per kWh of
hydrogen tanks compared to batteries, while maintaining a high
system efficiency.

1.5. Aim

In this paper, we present a cogeneration system based on a
SOFC as the main energy conversion technology. The separation
and purification of the hydrogen from the anode off-gas of the
SOFC allows for its temporary storage, and for its use in a
dedicated PEMFC during peaks of electric power demand. The
system can also include the installation of batteries, that provide
energy storage capacity at higher efficiency (but also higher cost)
than hydrogen storage. We propose the use of a mixed integer-
linear programming (MILP) approach to optimize the size of the
different components of the system with the total annualized cost
as the objective to minimize. The proposed system is applied to
two potential off-grid applications: an isolated dwelling, and a
cruise ship.

2. DESCRIPTION OF THE SOFC-BASED
POWER SYSTEM

The proposed system is based on the use of a SOFC as the main
energy source of the polygeneration system. As SOFCs are not
suitable to handle large and fast load changes, we included in the
design other systems more suitable for load following. The core
of the proposed system is composed by (Figure 1):

e A SOFC, equipped with a hydrogen purification system, as the
main energy source of the system

e A battery for fast transients and peak shaving

e A hydrogen storage system combined with a PEMFC for
medium-slow load transients

The hybrid SOFC (H-SOFC) is the main unit of the system
and is able to generate both electrical power and waste heat
for cogeneration purposes. In this paper we assume the use
of the system structure proposed by Pérez-Fortes et al. (2018),
where the composition of the anode off-gas of the SOFC is
adapted first by a two-stage water-gas shift (WGS) reactor to
enhance the hydrogen content, and then by a pressure swing
absorption (PSA) unit for achieving high H, purity. The purified
hydrogen flow from the PSA is sent to the hydrogen storage
tanks. The unreacted gas after the PSA is combusted and the

generated heat is utilized within the system and for direct
satisfaction of heat load. Part of the inlet natural gas flow
can also be sent to the burner, depending on the operational
conditions, to ensure the heat balance of the system. The
system can operate in a wide range of combinations of electric
power and hydrogen output. In addition to the electric power
and hydrogen output, the H-SOFC also provides waste heat
for cogeneration purposes, resulting from the intermediate
cooling of the anode gas between the two WGS reactors
(Qu_sorcwas) and from the cooling of the burner exhaust gas
(Qu-sOFCWGS)-

In order to reduce load fluctuations and the installed size
of the SOFC, the proposed system is also equipped with a
PEMEFC. PEMFCs operate at much lower temperatures compared
to SOFCs and are, hence, more flexible in terms of load change
(Nguyen et al., 2016; van Biert et al., 2016). The PEMFC is fuelled
using the hydrogen generated by the SOFC. In this work, we
propose the use of high temperature PEMFCs because of their
better suitability to cogeneration purposes and of their higher
tolerance of carbon monoxide impurities in the feed gas (Nguyen
et al., 2016; van Biert et al., 2016). For the same purpose, the
proposed system is also equipped with an electric energy storage
device. While many types of EES could serve the purpose, in this
paper we focus on the use of batteries, and particularly of lithium-
ion technology, that are becoming increasingly common for both
mobile and stationary applications (Dunn et al., 2011; Nykvist
and Nilsson, 2015).

3. OPTIMIZATION PROBLEM DEFINITION

In the previous section, we described the main features of the
proposed cogeneration system based on a SOFC with hybrid
energy storage for off-grid applications. The specifics of the
system, and more specifically the sizes of its different units, are
not fixed and should be defined based on the characteristic of the
specific case the system is applied to.

For this reason, in this paper we approach the problem
of the sizing of the system as a MILP problem and solve it
using the OSMOSE framework, specifically developed for the
solution of MILP-based energy integration problems (Kantor
et al., under review), with the total annualized cost (Equation
1) as the objective to minimize. The size of each component
of the power plant (H-SOFC, PEMFC, H, storage, batteries,
case-specific components) are the decision variables of interest
for the problem. The energy and mass streams for each
component at each time step also appear in the optimization
as decision variables. The MILP approach was selected based
on the high reliability and speed of available solvers. The
proposed system and optimization are then applied to two case
studies, an off-grid dwelling and a cruise ship, described in
section 4.

The objective function (fop;) of the optimization problem is
defined in Equation (1).

fobj = Cop + Cinv,act (1)
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FIGURE 1 | Graphical representation of the proposed energy system.
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Where the operational cost (Cyp) and the annualized investment
cost (Ciny,act) are defined as:

Cop = Z Zfl;,t CfuelE}Eiqutt%‘t (2)
uelU teT
C:lnv,ﬁxyu + fu Chnv,var E;rilza;fu
Cinv,act = Z y (3)
(i+1)Na—1
uelU v
i(14i)Na

where the problem parameters in the equations above are: the
fuel cost (Cyer), the maximum fuel consumption of each utility
u (Eg‘lzfu), the duration of each time step (At;), the number of
occurrences of each time step during the year of reference (&, see
later in the text for more details), the fixed (i.e., size-independent)
and variable (i.e., size-dependent) investment cost of each utility
(C™fix and CIvvar)| the maximum energy/material flow used
for sizing purposes of each utility u (E;ril;e’fu), the lifetime of
each utility (N)), and the interest rate (i). U and T represent
the set of utilities and of time steps included in the problem,
respectively.

The problem variables to be optimized are: the load of each
utility u at each time step ¢ with respect to its maximum installed
power [f’(u, t), ranges between 0 and 1]; the sizing of each utility
with respect to its maximum installed power [f(u), also ranges
between 0 and 1]; the on-off decision of each utility for each time
step [y’ (u, t), binary]; and the installation decision for each utility
[y(u), also binary]. The aforementioned variables are related by

the following constraints:

foi <fu VtinT, uinU (4)
fle <V VtinT, uinU (5)
Yor < Yu VtinT, uinU (6)

where Equation (4) represents the fact that a utility cannot
operate at a higher load than the maximum installed size,
Equation (5) that a utility can only have a non-zero load if it is
turned on, and Equation (6) that a utility can only be used if it is
installed.

The optimization problem is further constrained by the fact
that energy and material balances must be respected at all times:

Zfl:,t . ﬁlax + ZEl,p,t =0

uel pelP

VtinT, linlL (7)

where Ef:lax represents the maximum value of the net
energy/material flow [ for unit , and El,p,t represents the constant
energy/material flow [ at time step ¢ of the process p, typically
representing the energy demand of the system.

To achieve a good accuracy of the description of the variability
of the demand while avoiding excessive computational demand
on the solver, we used the concept of typical periods to model
the energy demand and the ambient conditions of the system
(Fazlollahi et al., 2014). The notion of typical periods is based
on the assumption that the yearly demand of a generic energy

Frontiers in Energy Research | www.frontiersin.org

January 2019 | Volume 6 | Article 139


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Baldi et al.

Hybrid SOFC-PEMFC

system can be represented by a limited set of periods, where the
term period can refer to a day, a week, or a voyage, defined by a
sequence of time steps. The problem is hence defined by N; time
steps, which are sub-divided among Ny, typical periods. The total
duration of yearly operations is then reconstructed as:

Z Ati& = 8760 (8)

teT

where every At; has an assigned value for &, which represents
how many times during a year the corresponding typical period
is expected to occur. In each problem there are only Ny, different
values for &, and the value of & is the same for all time steps ¢
belonging to the same typical period.

The case of heat is treated differently, in order to
simultaneously account for the first and second law of
thermodynamics, by using the concept of heat cascade (Linhoff
et al., 1982):

DR+ Qupt+ Rest —Re =0 VtinT, kinK
uel pelP

)

with:
R, <0 Vkin K (10)
Ry =0,Ry,,, =0 (11)

where the Ry represents the energy cascaded form the
temperature interval k to the lower temperature intervals, and K
represents the set of temperature intervals of the heat cascade.
Qf{‘lﬁ’i is defined as the sum of the maximum contributions of all
heat streams s of unit u in the temperature interval k and Qk,p,t as
the sum of the contributions of all heat streams s of process p in
temperature interval k at time step t:

Q=2 (12)
seSy

Qk,p,t = Z Qk,s,p,t (13)
seSp

It should be noted that the heat cascade as defined in Equation
(9) is valid only for all units that are allowed to exchange heat
with each other. Depending on the specific case, some units might
not be in conditions of directly exchanging heat (e.g., because of
logistic, economic, or safety constraints). In this case, one heat
cascade is defined for each group of units that are allowed to
exchange heat with each other.

In both case studies, additional conventional technologies
(such as gas engines and boilers) are introduced in the
optimization problem as a potential solution to cover the peak
demand. However, as the main objective of this work was to
dimension a system that uses an SOFC as the main energy
conversion unit, we included a constraint forcing that a certain
fraction ¢ of the total fuel input to the system is used in the SOFC:

! max 7 pmax
s.t. ZfSOFC,tEfuel,H—SOFCAtt z¢ Z Zf'%lEfueLuAtt
teT uel teT

(14)

In order to improve the feasibility of the resulting optimal
solution, we also included a constraint related to the maximum
system weight, which is often considered a limitation in
transportation applications. This contraint is expressed by
Equation (15).

Zﬁ;lfupmux(u) <mm™ (15)

uelU

where py represents the power-to-weight ratio of the utility u.

In addition to the problem-level equations, each unit is
defined by additional constraints. The general form of the
different energy streams of a generic unit is given by Equation (7).
As energy conversion units are generally defined by the efficiency
of the conversion process, in this formulation this is given by:

rymax

1,
Mu = = ml;x (16)

fuel,u

The case of the hybrid SOFC fuel cell represents an exception.
In this cases, we wanted to model the fact that the efficiency
of the component depends on a combination of the power
and hydrogen generation loads. This was done by considering
the unit “H-SOFC” as being made of two sub-units, the
“Power-generation” (H-SOFCp) and the “Hydrogen generation”
(H-SOFCp), each being defined by its own, independent
sizing variable (fu—_sorc, and fa—sorcy, respectively). The
consumption of natural gas and the exhaust heat streams are
consequently defined using Equation (17), where the f; | of each
of the streams is connected to the ones of the H-SOFCp and
H-SOFCpy with the following relationship:

I __ pmax !
ENG,H-s0FCyt = ENG H-sorcyH-SOFCu,t

__ pmax ! -’
= ENG H-sorC,JH-SOFCpt T WHIH—sOFC,t
(17)

The principle of 17 also applies to the waste heat flows
from the H-SOFC: the heat recovery from the water gas shift
(QH_SOFC,WGS) and the heat recovery from the anode oft-gas
(Qu-SOFCEG):

- __ (Hmax 4 4
QWGS H-SOFCyi,t = QWGS,HstFCMfH—SOFCp,t + WWGSfH—SOFCH,t
(18)

- __ (Hmax U 4
QEG,H-s0FCyt = QEGH-sorcyfli—soFce T WEGHI—sorcy, (19)

This results in the H-SOFC having time-dependent efficiencies
expressed by the following relations:

rymax 4 r;max 4
. B _sorcpfli—sorces + Bt H-sorcili—sorcu:
el Hy H-SOFC = — 10— ; v
EQGr—sorcy Fi—sorce, T WHAI—soFCy )

(20)

Amax U U
QWGS,H*SOFCM (fH—SOFCp,t + WWGSfH—SOFCH,t)

TIWGS H-SOFC = —r= : -
EQGH-sorcy fi—sorcp, T WHI—sorcy,)
(21)

Aymax 4 4
Qi H—sorcy Fri—sorce, T WEGHi—soFcy,)
Emax

(22)
NGH-s0FCy Fi—sorcey T WHA—sorcu,)

TEG,H-SOFC =
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The values of EN&'y_sorcy, > QWasH-sorCy> QEG.H—SOFCy® WH>
wwas, and wgg were calibrated based on the performance of
the hybrid SOFC system as described in Pérez-Fortes et al.
(2018) as to minimize the error between the energy flows
reported in the cited source and the ones resulting out of the
proposed linear modeling. This results in the total efficiency of
the system (based on power and hydrogen production) to range
between 64.7 and 66.4% depending on the operational condition,
while the corresponding efficiencies for the waste heat in the
exhaust gas and the WGS reactor are [0.12-0.14] and [0.17-0.19],
respectively.

As one of the two main rationales for the expected advantage
of the proposed system is related to its ability of overcoming
the limited dynamic performance of SOFCs, we implemented a
constraint related to the ability of the SOFC system to change
load between consecutive time steps. Referring to a generic utility
u, this is included in the problem as follows:

(23)
(24)

fL{,t _fl;,t—l A}‘umax
fl;,t—l _fl.;,t—l = _A)‘umaX

IA

The problem definition also includes two different types of energy
storage: a battery, and a hydrogen tank. These are modeled with a
state variable indicating the current state of charge of the storage,
that is calculated for each time step in accordance to the following
definition:

AEy; = (I'Emeu(ufli(cha)’l — Emaxufé(dis)’t) Ay, (25)

where the subscripts (dis) and (cha) refer to the discharge and
charge processes. It should be noted that, to preserve the overall
energy balance, it is here assumed that the state of charge of the
energy storage must be the same at the start and at the end of each
typical period.

Both types of storage may involve losses in the charging-
discharging cycles. These are accounted through an electric
energy flow, representing charge/discharge losses in the battery
and compression power demand in the hydrogen storage system:

. . 1 . )
| d
Eﬁs = Eumaxfﬁ(cha),t <ncha - 1) + Eilnaxfl;(dis),t(l —n3") (26)
u

4. CASE STUDIES

In this paper, the optimization of the proposed system was
applied to two case studies: an off-grid dwelling, and a cruise
ship. The case studies were chosen based on the availability of
data for the energy demand, and of their relevance as potential
applications of the proposed system. A detailed description of
the values employed for the different stream parameters used
in the models is provided in Table 2. Cost factors used for the
calculation of the investment costs are described in detail in
Appendix A and in Table 1. The values used for the energy
demand of the two case studies are provided in tabular form in
the Supplementary Material.

4.1. Off-Grid Dwelling

The case study for an off-grid dwelling is based on a reference
single residential unit of 200 m? located in the North of Italy
(Bianchi et al., 2013, 2014). The house has a declared overall
demand of 3 MWh electric energy, 20 MWh heating, 3 MWh hot
water heating, and 1 MWh cooling. The yearly energy demand is
simulated using days as typical periods, each made of 24 one-hour
time steps. In this case, we chose to represent yearly operations
with 4 typical days:

o Winter (§1_p4 = 122)
o Mid-season (C) (&25_48 = 76)

TABLE 1 | Stream definition for each unit in the problem.

Parameter name unit House Ship
Problem parameters

Interest rate - 0.05

Fuel cost EUR/KWh 0.08 0.045
H-SOFC (Pérez-Fortes et al., 2018)

ENE H-s0FCuy kW 34.2

vavg(S,H—SOFCM kw 6.43

QEGH-soFCw kW 3.87

WH,H-SOFC - 1.295

WWGS,H-SOFC - 0.273

WEG H-SOFC - 1.13

TWGS,H—SOFC K 363(in), 298(0Ut)

TEG,H-SOFC K 383(in), 298(out)
PEMFC (Arsalis et al., 2011)

el PEMFC - 0.53

1th, PEMFC - 0.12

TEG,PEMFC K 383(in), 298(OUT) 433(in), 298(out)
Battery (Adametz et al., 2017)

"patt,cha - 0.88

Npatt, dis - 0.93
Hydrogen tank (Gardiner, 2009)

THytank,cha - 1 0.93

THytank,dis - 1
High Speed Diesel engine (MTU, 2017)

Tmech,ICE - 0.35

TEG,ICE - 0.27

1HTC,ICE - 0.16

ILTC,ICE - 0.13

TEG,ICE K 603(iﬂ), 423(out)

THTC.ICE K 363(in), 353(out)

TiTC,ICE K 323(in), 313(out)
Gas boiler [House: Rager (2015), Ship: Cohen and Fritz (1962)]

NEG,GB - 0.95 0.85

TeG.GB K 1,073(in), 353(out) 1073(in), 393(out)
Heat pump (Henchoz, 2016)

eHp - 0.5

Teond,HP K 323 378
Refrigeration unit (Henchoz, 2016)

EREF - 05

Tevap,REF K 278
PV solar panels (WES, 2016)

Nel, PV - 0.15
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TABLE 2 | Cost coefficients and expected lifetime for the investigated utilities.

Utility name Source Fixed inv. cost [KEUR] Size-dependent Lifetime [y]
inv.cost [KEUR/kW]

SOFC - H2gen Becker et al., 2012; BMI, 2016 2.2

PEMFC BMI, 2016 1.6

HS Gas engine Trivyza et al., 2018 0 0.575 20

Gas boiler (H) NERA and AEA, 2009 0.5 0.1 20
Gas boiler (S) NERA and AEA, 2009 50 0.054 20
Heat pump (H) NERA and AEA, 2009 0.5 0.6 20
Heat pump (S) NERA and AEA, 2009 50 0.5 20
Hydrogen storage Al-Sharafi et al., 2017 0 0.045 20
Battery Nykvist and Nilsson, 2015 0 0.30 6

PV Suciu et al., 2018 0 0.247 20

e Mid-season (H) (§49_72 = 76) COPggp = ¢ TREF evap (28)

e Summer (573796 = 91)

where the hot mid-season (H) has no space heating demand, and
a reduced cooling demand (compared to the summer season),
while the cold mid-season (C) is characterized by no cooling
demand, and by a reduced heating demand (compared to the
winter season). Electric and hot water heating power demand are
considered not to be influenced by the season. The four energy
demands are graphically represented in Figure 2.

In addition to the 4 typical days, two “extreme days” were
defined and used in the optimization, with the main function
of ensuring that the sizing of the components can account
for particularly challenging operational conditions. The winter
extreme day is based on the typical winter day, with a 50%
higher demand of heating and hot water, a 20% higher electricity
demand and 10 K lower ambient temperature. The summer
extreme day is based on the typical summer day, with 50% higher
cooling and hot water demand, 20% higher electricity demand,
and 10 K higher ambient temperature. The occurrence & of the
extreme days is set to 1, since they are used to influence the sizing
on the system but not its operational cost.

The analysis of the off-grid dwelling case is based on the
system proposed in this paper, with the addition of the following
components to the sizing problem:

e A photovoltaic (PV) solar power plant, for a maximum surface
of 10 m?

e A heat pump

e A conventional refrigeration system for summer air
conditioning

The efficiency of heat pumps and compression refrigeration
systems is dependent on the operating temperatures. In
this work, we assumed a 50% exergetic efficiency for these
components (Henchoz, 2016), while the COP was calculated
according to the following equations:

THP,cond
THP,cond - THP,evap

COPyp = ¢ (27)

TREF,cond - TREF ,evap

where & represents the exergy efficiency and the subscripts HP,
REE cond and evap represent the heat pump, the refrigeration
unit, the condenser and the evaporator, respectively. The
efficiency of the PV panels was set to 15% (WES, 2016), referring
to polycrystalline cells.

As the performance of the three additional components is
influenced by ambient conditions, these had to be defined with
the same logic of the typical days. This is represented in Figure 3
(A for the ambient temperature, B for the solar radiation per
square meter). These time series were obtained by averaging
hourly values for the city of Bologna retrieved from the Dext3r
portal for environmental and climate data of the region Emilia
Romagna (ARPA, 2018).

It should be noted that in the case of the off-grid dwelling
it was assumed to use hydrogen storage tanks at a pressure of
20 bar, which corresponds to the delivery hydrogen pressure
of the H-SOFC system used in this study (Pérez-Fortes
et al, 2018). Hence, the power demand for the hydrogen
compression is already included in the model of the H-SOFC
system and the assumption of npankcha = 1 is used.
The charging and discharging efficiencies of the battery are
assumed constant and equal to 0.88 and 0.93, respectively
(Adametz et al., 2017).

Finally, the price of natural gas (Cp,) was fixed to 0.08
EUR/kWh (Eurostat, 2017), and a value of 0.05 was assumed for
the interest rate (7).

4.2. Cruise Ship

The case study for a cruise ship is based on the work presented in
(Baldi et al., 2018), and refers to a small cruise ship (176.9 m long,
beam of 28.6 m) with a capacity of 1,800 passengers operated in
the Baltic Sea. The ship is equipped with several amenities and
with a large system for heating, ventilation and air conditioning
(HVAC), making its auxiliary energy demand larger and more
varied than that of a standard cargo vessel. The ship currently in
operations is equipped with a total of eight Diesel engines: four
main engines with a power of 5,760 kW each, and four auxiliary
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FIGURE 2 | Typical operational days for the off-grid dwelling case study. (A) Electric power demand, (B) Cooling demand, C Heating demand, and (D) Hot water
demand.
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FIGURE 3 | Average ambient conditions for the off-grid dwelling case study. (A) Ambient temperature, (B) Solar radiation (Hence changing “power” to “radiation”).

engines for a power of 2,780 kW each. The heating demand is ~ work, we consider a case of a newly built ship of similar size and
fulfilled by six heat recovery steam generators (HRSG), located  operational profile.

on the exhaust line of the four auxiliary engines and of two of The energy demand is based on the work proposed in
the four main propulsion engines, by a recovery system for the ~ Baldi et al. (2018). We consider for the ship a fully electric
engine cooling waste heat, and by two oil-fired boilers. In this  system (differently from the current ship, where propulsion and
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electrical demand are fulfilled by different systems, but similarly
to the majority of cruise ships). The heat demand is assumed
to be subdivided in a low-temperature heat demand for air
conditioning (from 40 to 60°C) and a high-temperature heat
demand for other on board uses (from 70 to 90°C). The demand,
originally based on a full year of operations, was clustered as
suggested by Fazlollahi et al. (2014) into a total of 5 representative
days, one of which being an “extreme day” for the electric
power demand, each made of 13 variable-length time steps (see
Figure 4):

Winter (§;-13 = 31)

Mid-season (C) (§14-26 = 172)
Mid-season (H) (&27-_39 = 112)
Summer (495, = 41)

High propulsion demand (&53_¢5 = 9)

This is justified by the fact that the ship operates on daily
cruises, and hence the operational and ambient fluctuations
take place with a cycle of the same duration. The four
main typical days represent normal ship operations in three

different seasons (hence the difference in heat demand), while
the extreme day represents high-speed sailing conditions.
The demand hence resulting from the clustering of the
original dataset into typical days results to be 259 GWh
for propulsion, 15.5 GWh for electricity, 6.6 GWh for high
temperature heat demand and 8.6 GWh for low temperature heat
demand.

In the cruise ship case, we assumed that the system can also
include the following components:

e A set of high-speed gas engines
e A gas-fired boiler
e An electric motor on the propeller shaft

Modeling of gas engines was based on the data for MTU 16V
4000 M05-N engines (MTU, 2017). This implied the assumption
of a constant mechanical efficiency of 35%, plus heat losses
to the exhaust gas (27% of the fuel input, at 300°C), to the
high temperature cooling systems (16%, 90°C) and to the low
temperature cooling systems (13%, at 50°C). The efficiency of
the gas boiler is assumed to be equal to 0.85 as a reference value
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resulting from a compromise of what reported by Cohen et al.
[0.83-0.89] (Cohen and Fritz, 1962) and Mrzljak et al. [0.7-0.79]
(Mrzljak et al., 2017), with the additional consideration that a
natural gas fired boiler allows for a lower outlet temperature of
the exhaust gas, and hence works at higher efficiency. The heat
flow is modeled as entirely resulting from the cooling of the
exhaust gas from 900 to 120°C.

In the case of the cruise ship, as the available volume for
storage is limited, we assumed to use hydrogen storage tanks at
700 bar pressure. To account for the power demand required to
compress the hydrogen from 20 to 700 bar we assumed a value
of Niytankcha = 0.93, which results from the assumption of a
specific compression work of 2.9 kWh/kgy, (Gardiner, 2009).

A constant efficiency of 0.95 was assumed for electric motors
and generators. The charging and discharging efficiencies of
the battery are assumed constant and equal to 0.88 and 0.93,
respectively (Adametz et al., 2017).

Differently from the case of a house, in a ship weight is also
a considerable constraint. As fuel cell systems and batteries are
known to be heavier than conventional systems of comparable
installed power, this has to be taken into account to ensure the
feasibility of the system. In this paper, we included this aspect
by adding a constraint to the optimization problem, forcing the
optimal system not to be heavier than the combined weight of
the four Wirtsild 6146 main propulsion engines of the current
system, weighing 92.7 tons each.
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Finally, the price of natural gas (Cpy) was fixed to 0.054
EUR/kWh (Danish Maritime Authority, 2012), and a value of
0.05 was assumed for the interest rate (i).

5. RESULTS

The results of the application of the proposed hybrid system to
the two case studies are reported in Figures 5- 12.

The optimial sizes for the different units in the system are
represented in Figure 5. It can be seen that, in both case studies,
the SOFC constitutes the largest investment, particularly in the
case of the cruise ship. This result suggests that decreasing the
specific investment cost of this type of technology will result
crucial for their wider adoption. The results of the sizing also
highlight the fact that the proposed system, with a combination
of a battery and a hydrogen tank, is selected as cost-optimal in
both the proposed case studies. This is due to the combination of
two, main effects:

e The proposed system allows operating the SOFC at close
to constant load, while avoiding excessive use of other, less

efficient energy conversion technologies (such as boilers and
gas engines)

The use of storage allows reducing the installed power of
the SOFC unit. This has a particularly beneficial effect as, in
both systems, the SOFC is the unit with the highest specific
investment cost.

This comes however at a cost of higher losses in the storage
(see Figure 6). This is due to the lower round-trip efficiency of
the energy storage in the form of hydrogen (49-53% depending
on the compression losses), compared to batteries (82%). This
shows, however, that the increase in operational costs due to
the higher energy losses is compensated by the lower investment
cost. While the cost of batteries is expected to further decrease
in the future, it should be noted that the same can be said of the
cost of PEMFCs, which represents the largest contribution to the
investment cost of the hydrogen storage system.

The results of the yearly energy share are shown in Figure 7.
The enforcement of the constraint that 90% of the total fuel
consumed by the system is used by the SOFC can be observed
in the first bar for each case study. In the case of the off-grid
dwelling, this also translates in a large use of heat pumps for
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the fulfillment of the heat demand, instead of boilers. Figure 7
also highlights the importance of the PEMFC, that is responsible
for respectively 25 and 16% of the total power generation in the
system, while batteries are only used to fulfill 7 and 2% of the
demand, respectively. These figures show the importance of the
hydrogen plant-PEMFC part of the system, as the system needs
to store relatively large amounts of energy over time.

The role of the proposed complementary energy storage
technologies of the hybrid system can be seen clearly in Figures 8,
9. The combined energy storage potential of electricity and
hydrogen allows for one further degree of freedom in the
compromise between high investment costs and operational
costs. It can be seen that the PEMFC is used for the largest
fluctuations in energy demand and the batteries provide a smaller,
but more evenly distributed contribution. The SOFC is, on the
other hand, operated at almost constant load.

The importance of the relatively low dynamic performance of
SOECs on the sizing of the energy storage systems is highlighted
in Figure 10, where the optimal size of the H, tank and
of the battery is plotted against the maximum load change
allowed between two consecutive time steps (AASOFCmax)-
AXsorC,max = 0 corresponds to forcing the SOFC to operate at
constant load, while AASOFC max 1 corresponds to assigning
complete freedom to the SOFC unit to adapt to load changes.
As can be seen in Figure 10, the installed storage capacity
decreases with increasing AAsorc,max> until a value where they
remain substantially constant, thus implying that the proposed
hybrid system is beneficial also in light of SOFC technology
developments leading to a better dynamic performance. This is
achieved for a relatively low value of AAsopcmax, meaning that,
based on the assumptions used in this paper, the major rationale
for including the installation of energy storage in the system is
related to the reduced cost of the SOFC.

In Figure 11, the advantage of the proposed system in terms
of total cost is presented, with respect to a pure SOFC and a
SOFC-+battery hybrid solution, for both case studies. In both
cases, as expected, the total cost of the system increases when
possibilities for energy storage are decreased. In the ship-case,
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FIGURE 10 | Parametric analysis of the influence of the maximum allowed
load change for the SOFC system.

the main differences can be identified when the hydrogen storage
option is added: in this case the annualized investment cost
decrease from 3.9 to 3.4 MEUR, while the yearly operational cost
increases from 3.3 to 3.7, with an overall positive balance on the
total cost. It should be noted, however, that in this case it was
not possible to satisfy both system constraints (weight and SOFC
fuel consumption share) with alternative systems, and hence the
SOFC and SOFC+EES cases refers to the optimization solutions
obtained with a relaxation of the constraint on the system weight.
The off-grid dwelling case seems to show an opposite behavior,
with investment cost increasing and operational cost decreasing
when more energy storage options are included. This seems to be
due to the fact that the use of energy storage allows decreasing
the size (and, hence, the cost) of the SOFC, which allows, in
turn, a higher investment into more energy efficient technologies,
particularly toward heat pumps.

As the proposed system provides benefits in terms of a lower
investment cost, at the cost of lower overall efficiency and, hence,
higher operational costs, we investigated how the optimal results,
both in terms of costs and of component sizes, are influenced by
the relative weight assigned to these two, competitive objectives.
This is represented in Figure 12. In the off-dwelling case, it can
be observed that at high operational costs, it is more convenient
to install little storage at all. As the operational cost decreases,
the total storage increases, mostly in the form of hydrogen
storage, which is cheaper to install. When the operational cost
further decreases, the hydrogen storage is gradually substituted
by the battery, more expensive to install but also with a higher
round-trip efficiency. The trend in the ship case is generally
similar, but with some differences. First, in the case of the cruise
ship, the presence of storage is needed to respect the weight
constraint, and it is not just a way to make the system more
efficient. This can be seen from the fact that the size of the storage
does not decrease with increasing operational cost in the “low
investment cost” area of the Pareto curve. The main tendency in
the middle of the operational cost range is the same as observed
for the off-grid dwelling, with a progressively decreasing size of
the hydrogen storage, accompanied by an increase in the size of
the battery, when moving toward the “low operational cost” area.
Finally, at the lower limit of the operational cost, the system can
only be made more optimal by increasing the size of the SOFC
and progressively eliminating the use of high speed Diesel engine
as power source for peak demand. This comes however at a
high cost, and demands additional storage capacity, as shown by
the increasing trend of both battery and hydrogen tank storage
capacity.

6. DISCUSSION

In this paper, we proposed a system made of an hybrid SOFC,
able to generate both power, heat and hydrogen, coupled
with a PEMFC, a battery, and a hydrogen storage tank. The
proposed system was shown to be economically feasible, and
more convenient than alternative options under the constraint
that the largest part of the fuel has to be used by the SOFC.

In these conditions, the proposed system is expected to allow
overcoming some of the major obstacles to a wider adoption
of SOFC on the market. With reference to the cruise ship case
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study, for instance, van Biert et al. (2016) report concerns in
the maritime industry related to both dynamic performance,
system weight, and cost. All these aspects are addressed in this
paper, and promising results are achieved. The advantages of the
proposed system, particularly in terms of investment cost and
weight, would also prove beneficial in other applications related
to the transport sector, such as cars, trucks, and airplanes, where
the system’s weight constitutes a significant constraint for the
design of the power plant.

In the case of stationary applications, such as in the residential
case studied in this paper, the main advantage comes from
the lower investment cost of the system. While the limitations
in the load-following capabilities of the system have not been
investigated in previous literature (e.g., both Yang et al. (2014)
and Pellegrino et al. (2015) assume no limitations in the dynamic
performance of SOFCs), the advantages of using energy storage
to reduce the installed size of the SOFC, hence reducing the cost
of the system, are known Pellegrino et al. (2015) and Brunaccini
et al. (2017). In addition to the advantages it provides to off-grid
applications, it should be noted that the proposed system could
also provide beneficial in grid-connected systems, in presence
of tariff schemes that encourage the usage of micro-CHP plants
in self-consumption mode (see, for instance, the FIT auto tariff
considered by Pellegrino et al. (2015), where all energy produced

and directly consumed by the user is paid 50% than the energy
that is exported to the grid). In this case the possibility of storing
energy for later use at alow investment cost is crucial for reducing
the payback time of the system, an aspect that makes the system
proposed in this paper particularly suitable for these applications.

The work presented in this paper relies on a number of
assumptions, whose relevance and impact on the results is
hereafter discussed.

Firstly, the results presented for the two case studies show that
the benefit of the proposed hybrid system are significantly based
on the trade-off between investment and operational costs. Using
cost as the objective of the MILP-based optimization of energy
systems forces a high degree of uncertainty on the problem
(Moret et al., 2017): on the one hand, linear cost functions
represent inherently a simplification of a model that is typically
non-linear, that is subject to high variability (the price of a
component does not only depend on its size) and suffers from
a general high uncertainty, particularly in the case of not yet
mature technologies. In particular, the recent developments in
battery and fuel cell technology, both in relation to price and
weight, may modify the optimal balance between hydrogen and
electric storage. In addition, energy prices (in this case, the
price of natural gas) are subjected to wide fluctuations. The
linearization of the problem also prevents from taking into
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account the off-design performance of the installed components.
While most of the main components considered in the proposed
system maintain a high conversion efficiency over a wide range of
operations, this assumption might still lead to inaccurate results
in the optimization.

Secondly, as shown in the previous section, the benefits
connected to the installation of the system proposed in this paper
are partly related to the choice of operating the SOFC close to
constant load. While this is today widely accepted as a limitation
of the operations of these systems, future technical developments,
both in the system control and in material technology, are
expected to mitigate this limitation, thus partly reducing the
scope of the proposed system. Also the expected reduction in
the specific cost of SOFCs may reduce its benefits. It should be
noted, however, that the assumption of a specific investment cost
of 1,600 EUR/kW for stand-alone SOFCs can be considered as
optimistic, hence making the conclusions of this paper durable in
time.

From a methodological perspective, the optimization
procedure proposed in this paper includes a detailed
representation of the expected operational conditions of
the systems. This implicitly includes the assumption that the
system is perfectly controlled, in such way that the storage is
charged and discharged exactly when needed. While recent
developments in the control of hybrid systems (see, for instance,
Upadhyay and Sharma (2014) for a review on the control of
hybrid energy systems, and Enang and Bannister (2017) for
a review on the control of hybrid vehicles) show that optimal
control strategies can be implemented in hybrid propulsion
systems, the challenges of the control of a system with two,
competing energy storage systems should be further investigated.

It should be noted that, in this case, we have not taken
into account the potential of using heat storage as part of
the system. Given the load profiles, this appears a potentially
convenient solution particularly for the off-grid dwelling case,
where the heating demand dominates the electric demand and
is characterized by a high degree of variability during the day
(Wakui and Yokoyama, 2014; Yang et al., 2014). The influence of
considering heat storage as an additional element of the system
should hence be investigated in future work.

It should also be noted that the performance of the
polygeneration SOFC unit was based on the optimization results
reported in (Pérez-Fortes et al, 2018), in a case where a
specific set of operational conditions were used for tailoring the
performance on the system to the case under investigation, i.e.,
a hydrogen refueling station. It can be expected that the system
could perform more efliciently, both from an energy and a cost
perspective, if its energy integration was optimized for the specific
case under study.

7. CONCLUSION

In this paper, we presented a hybrid poly-generation system
based on a solid oxide fuel cells (SOFC) system capable of
producing both electric power and hydrogen, and including the
use of combined energy storage systems in the form of electricity

and hydrogen, together with a PEMFC. The proposed system is
thought for isolated energy systems, where the polygeneration
system has to take care of all the energy demand and of its
variability, with the aim of reducing the dynamic load on the
SOFC and the installed size of the main components.

The results showed that the proposed system can be beneficial
from an economic perspective in a variety of cases, and allows
achieving a high degree of utilization of the SOFC while reducing
the investment cost (when compared to a pure SOFC system)
and allowing the use of SOFC at close to constant load, thus
enhancing its lifetime. These results were confirmed by the
application of the proposed system to two case studies: an off-grid
dwelling and a cruise ship. In both cases, the optimization of the
sizing of the different system components, under the constraint
of the major part of the fuel input to be delivered to the SOFC,
led to the choice of a mix of hydrogen and electric storage, in
combination with a the installation of a PEMFC.
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Hybrid SOFC-PEMFC

A. NOMENCLATURE

Acronyms

GT Gas turbine

HP Heat pump

HRSG Heat recovery steam generator

HVAC Heating, ventilation and air conditioning

ICE Internal combustion engine

MILP Mixed integer linear programming

PEMFC Proton exchange membrane fuel cell

PV Photovoltaic

REF Refrigeration unit

SOFC Solid oxide fuel cell

Indices

k Temperature interval in the heat cascade

/ Type of energy/material flow

p Process

t Time step

u Utility

Parameters

At(f) Duration of the time step t [n]

Emax Maximum net flow of energy/material flow / for utility u [kW]

Eipt Energy/material flow / for process p at time step t [kW]

& Exergy efficiency [—]

& Number of occurrences of the time step ¢ in a representative
year [—]

& Yearly occurrence of the time step t [-]

Cinv,fix() Fixed investment cost of utility u [EUR]

Cinv,var(t) Size-dependent investment cost of utility u [EUR/KW or
EUR/KWh]

Cruel Fuel cost [EUR/KWh]

i Interest rate [—]

THP,cond Temperature of the working fluid in the condenser of the
refrigeration unit [K]

THP,evap Temperature of the working fluid in the evaporator of the
refrigeration unit [K]

TREF,cond Temperature of the working fluid in the condenser of the heat
pump [K]

TREF evap Temperature of the working fluid in the evaporator of the heat
pump [K]

Ny (u) Lifetime of utility u [y]

Variables

Cinv,act Annualized investment cost [EUR/Y]

Cop Yearly operational cost [EUR/Y]

Lt Load of utility u at time step t [—]

Sobj Objective function [EUR/Y]

fu Installed size of utility u, relative to its maximum size [—]

J’ﬁ,t On-off status of utility u at time step t [—]

Yu Installation decision of utility u [—]

B. COMPONENT COST FACTORS

The cost of the hybrid SOFC was determined based on the
estimations proposed by Becker et al. (2012), using the following

equation for the component scaling:

S CEPCI

n
Cinv = Cimo | — ) [ =——=— ) IF
inv inv,0 (SO) (CEPCI())

where the values of all cost parameters apart from the SOFC itself
are taken from what reported by Becker et al. (2012). It should be
noted that in the system proposed by Becker et al. (2012) the cost
is estimated for a unit where the hydrogen is purified using an
electrochemical hydrogen separation (EHS) unit. Since we could
not find more data specifically related to the cost of a PSA unit,
we assumed that the differential between the two does not have an
impact on the problem that is higher than the existing uncertainty
of the cost functions employed. The specific investment cost for
the SOFC was based on the estimations provided in (BMI, 2016),
leading to an assumption of 1,060 EUR/kW installed (based on
10,000 units/year production volume and 250 kW system). This
led to the assumption of a total cost of the SOFC-based system of
2,200 EUR per kW of electric power installed.

The investment cost of the PEMFC was also estimated based
on (BMI, 2016) and led to an assumption of 1,600 EUR per kW
of installed power, based on 10,000 units/year production volume
and on a 250 kW system. A cost of 247 EUR/m? was used for PV
panels, based on Suciu et al. (2018).

The investment cost of batteries was set to 300 EUR/kWh
based on the work of Nykvist and Nilsson (2015), who estimated
in 2014 that battery prices for electric vehicles were expected to
drop to 230 USD/kWh by 2017-2018. The fact that the reported
estimated was largely based on market leaders, such as Tesla
and Nissan, led us to use a more conservative cost factor. The
investment cost of the hydrogen storage system was set to 45
EUR/kWh, based on the value of 1500 USD/kg reported by
Al-Sharafi et al. (2017) following unit conversion.

The investment cost of gas boilers, heat pumps and
refrigeration units is taken from NERA and AEA (2009). Prices
referred to small residential applications are taken for the off-grid
dwelling case, while prices for industrial units are considered for
the cruise ship case.

Traditional components are assigned a lifetime of 20 years,
while the SOFC systems are assigned a lifetime of 6 years,
based on 50,000 h of operations and on a use of roughly 8,000
h/year, as the SOFC is responsible for the base-load of the ship
and hence operated continuously. We assumed a 8-year lifetime
for the PEMFC. Despite the general expected lower duration
of PEMFCs compared to SOFCs, the PEMFC is not expected
to be used continuously in the proposed system configuration.
The assumption is based on an operational life of 30,000 h
and on 4,000 h of operations per year. It should be noted that
these assumptions can be considered as conservative, as in real
applications only the fuel stacks, and not the full system, would
be replaced.

(A1)
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