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A B S T R A C T

This study explores the viability, assessed in terms of primary energy, exergy, CO2 emissions, and economic
benefits (4 E), associated with the integration of small-scale cogeneration systems (mCHP) utilizing proton ex-
change membrane fuel cells (PEMFC). The investigation is specifically oriented towards the residential sector.
The model uses annual electrical and thermal demands as inputs. Parametric studies conducted through the
modification of these values have been carried out. Dynamic demands are modelled using fixed consumption
profiles to distribute the total annual demands.

Five configurations of CHP systems based on fuel cell technology (FC-mCHP) are analysed in this work. In the
first configuration FC-mCHP uses hydrogen produced by an on-site steam methane reformer. In the second
configuration FC-mCHP is fed with hydrogen coming from a centralized steam methane reformer. The third
configuration is similar to the second configuration but with CO2 capture in the hydrogen generator. In the
fourth configuration the FC-mCHP is supplied with hydrogen produced by an on-site electrolyser. In the fifth
configuration the FC-mCHP utilizes hydrogen supplied from a centralized electrolyser. Each of these five con-
figurations can be combined with a heat pump system, making a total of ten options.

In the FC-mCHP model, the electrical and thermal outputs are linked with the load of the system. The FC-
mCHP load is set according to three operational strategies within each configuration: fulfil electricity demand,
fulfil thermal demand, and fulfil both demands simultaneously. The FC-mCHP maximum electrical power serves
as the sizing parameter. Additionally, the potential addition of a heat pump-based system is explored to increase
thermal energy production. A conventional scenario is taken as a reference, in which electrical energy is taken
from the grid, and thermal energy is supplied by a natural gas boiler.

The results show that there can be primary energy savings (between 20 and 60%) as well as CO2 emissions
savings, with values depending on each configuration (up to 50% for the worst ones and up to 400% for the best
ones) and the average operating conditions throughout the year. However, in general, all configurations lead to
economic losses, compared with the reference conventional configuration. The results also indicate that the most
effective strategy involves the FC-mCHP trying to satisfy both thermal and electrical demands. When the resi-
dential application is not connected to electric grid, the inclusion of a heat pump to the FC-mCHP yields relevant
advantages, since additional thermal power can be generated in the heat pump, by converting part of electric
power.

Nomenclature

Variables Subscripts
CoP: Heat pump coefficient of performance. (− ) A: Annual average value
D: Demand (kW) c: Heat pump cold source
E: Energy (kWh) D: Demand

(continued on next column)

(continued )

g: Non ideality efficiency factor (− ) el: Electric
P: Power (kW) En: Energy
T: Temperature (◦C) Ex: Exergy
Acronyms FC: FC-mCHP system
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(continued )

BoP: Balance of plant (− ) G: Imported from the electric
grid

CHP: Combined heat and power (− ) gl: Global
FC-mCHP: Fuel cell micro combined heat and power
system (− )

h: Heat pump hot sink

HPR: Heat to power ratio (− ) HP: Heat pump
SMR: Steam methane reforming H2: Hydrogen supplied
Greek letters M: Maximum
β: heat pump energy factor (− ) Prim: Primary (energy)
φ: fuel exergy factor (− ) T: Total
η: Efficiency (− ) th: Thermal
χ: Energy ratio (− ) 

1. Introduction

In the current energy scenario marked by escalating costs of fossil
fuels, there is a growing inclination towards the adoption of renewable
energies and energy recovery systems to mitigate reliance on fossil fuels.
However, the implementation of such systems requires comprehensive
studies to ensure their effective utilization. Micro cogeneration or
micro–Combined Heat and Power (mCHP) systems have emerged as
promising solutions to reduce energy consumption and greenhouse gas
emissions [1–3]. This is attributed to their capability to mitigate energy
losses during transportation and decentralize electric power generation,
offering potential reductions in both greenhouse gas emissions and en-
ergy costs within the residential sector [1].

Within mCHP systems, fuel cells (FC-mCHP) stand out as particularly
promising technologies [2,4]. Their high electrical efficiency compared
to other alternatives leads to low values of the heat to power ratios
(HPRs) [5]. Moreover, fuel cells exhibit high reliability due to the lack of
moving parts and an efficient operation at partial loads [3]. Conse-
quently, numerous studies in the literature focus on the operation of
FC-mCHP systems in residential contexts. These studies address control
strategies [6–8], system sizing [9–11], current state and future trends
[12], as well as performance within residential demands [11,13,14].
Some works explore the integration of FC-mCHP systems with other
systems, such as underfloor heating [15], heat pumps [16,17], reversible
absorption pumps [18–20], storage in water tanks or batteries [21] and
photovoltaic systems [22]. The literature also features studies which use
actual data from specific regions for comprehensive analyses [14,23,24]
as well as comparing the performance of the same system working in
different regions [20].

The dynamic operation of a fuel cell can be simulated to meet resi-
dential demands which some strategies to satisfy thermal demand,
electrical demand, or both [20,25]. For example, Hawkes et al. [25] an
economic comparison of the three strategies, considering three com-
bined generation sources. Some authors consider also other possible
strategies, but they have to include more facilities in the power gener-
ation system to store energy like electric batteries or hot water tanks
[26]. The FC-mCHP electric efficiency can be calculatedmore accurately
using a load profile. Arsalis [27] emphasizes the fundamental role of
considering a load profile in the analysis, aligning with findings by
Ref. [28] that underline the importance of the FC-mCHP electrical ef-
ficiency over results. Other works simulate only some specific repre-
sentative days to avoid the computational effort of simulating a whole
year [29].

The hydrogen used to feed fuel cells can be obtained from different
sources. One of the most common methods to obtain hydrogen from
fossil fuels is natural gas steam reforming [30]. Water splitting by
electrolysis is another way to obtain hydrogen. Electrolysis can use
electricity from renewable sources. Depending on the CO2 emissions
produced in the generation of hydrogen, there is a colour code for the
designation of hydrogen. Hydrogen obtained by steam reforming is
designated grey hydrogen. If this process is coupled with a CO2 capture
system, the hydrogen produced is designated blue hydrogen. Hydrogen
produced from renewable energy sources can be considered green

hydrogen [31]. Some works study the effect of using hydrogen from
different sources in the FC-mCHP system [22], showing that the per-
formance of the systems working with green hydrogen is worse than
when working with natural gas as fuel.

The literature also presents numerous works focused on modelling
fuel cell systems, ranging from predicting polarization curves [32–34] to
modelling mass and heat flow within fuel cells for enhanced accuracy
[35–37] or parameterising the stack overall performance [38]. Studies
evaluating the suitability of fuel cells in residential applications typically
assess primary energy savings [39], exergy analysis [17,40,41], CO2
emissions savings [42], and economic profitability [42]. It is important
to contextualize studies on hydrogen technology against conventional
technologies [25] and other mCHP systems like internal combustion
engines [43], stirling and gas engines [25,44].

The objective of this works is to develop a comprehensive model to
predict the PEM-based FC-mCHP performance (in terms of energies and
efficiencies) in residential applications to identify new opportunities and
trends. A dynamic Balance of Plant (BoP) model has been built, with the
electrical demand estimated using real data from Ref. [45] and the
thermal demand estimated using data from Ref. [46].

For this purpose, some FC-mCHP configurations are studied, which
are aligned with those presented in a previous work [28]. In that work a
sensitivity analysis was performed showing that the electrical efficiency
of the fuel cell, the reduction in the cost of hydrogen and the improve-
ment in the hydrogen production efficiency are parameters that have a
decisive influence on global performance of the FC-mCHP in all
configurations.

The novelty of the work lies in the number of configurations and FC-
mCHP systems analysed and the method used to predict the electrical
and thermal energy generated by the FC-mCHP system throughout all
hours of a year, following the hourly demand profile specific of each
day. With a scope further than that of [28], this paper explores a wider
range of operating possibilities, with three control strategies (electrical
demand, thermal demand or the most restrictive), and optionally
including the combination with a heat pump subsystem to increase the
thermal energy production. Energy and exergy analyses are included,
with results presented in energy-exergy maps. The main results analysed
are the comparison of the results of each configuration with a conven-
tional situation in terms of primary energy, CO2 emissions and economic
costs. This makes it possible to focus on operational modes and dynamic
loads of the system.

2. Methodology

The model of the FC-mCHP is based on the one presented in
Ref. [28], in which the overall efficiency of the FC-mCHP was defined as
Eq. (1).

ηgl,FC = ηel,FC + ηth,FC =
Pel,FC
PH2

+
Pth,FC
PH2

< 1 (1)

Were ηgl,FC is the global efficiency, ηel,FC is the electrical efficiency,
ηth,FC is the thermal efficiency, Pel,FC is the electric power, Pth,FC is the
thermal power and PH2 is the hydrogen power supplied to the FC-mCHP.
The HPR of the FC-mCHP can be calculated as the ratio between the two
efficiencies, as indicated in Eq. (2).

HPRFC =
ηth,FC
ηel,FC

(2)

In [28] ηel,FC and ηth,FC were configuration parameters fixed at a
certain value. The results were generated based on the variation of the
model inputs, which were the annual thermal and electrical demands,
the mean electrical power and the number of operating hours of the
FC-mCHP. Finally, a study was carried out analysing the results when
ηel,FC and ηth,FC were independently modified (although maintaining the
restriction that their sum must be limited below the value of 1). In the
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present work ηel,FC and ηth,FC are calculated at each operating point
(instead of being configuration parameters), depending on the actual
values of energy demand and the FC characteristic performance plots.

2.1. Model description

This section includes first the FC-mCHP model used to calculate the
electrical and thermal energies generated in each operating condition
and second the estimation of the hourly profiles of the electric and
thermal demands.

2.1.1. FC-mCHP model
The model considers both electricity and heat production, based on

the values of the FC-mCHP characteristic curves FC-mCHP. Polynomial
fits have been used to obtain ηel,FC and Pth,FC as a function of Pel,FC, used as
main operating variable of the FC-mCHP.

The commercial balance of plant (BoP) data used are taken from
Ref. [47], a PROTON MOTOR HyRange 25 (powered by PM400). Data
have been normalized as follows. Powers (Pel,FC and Pth,FC) have been
normalized with respect to the maximum electrical power that can be
supplied by the balance of plant (Pel,FC,M). Efficiency (ηel,FC) has been
normalized with respect to the balance of plant maximum electrical
efficiency (ηel,FC,M). The normalized electrical efficiency (ηel,FC/ ηel,FC,M)
as a function of the normalized electrical power (Pel,FC/Pel,FC,M) is then
given by Eq. (3). The normalized thermal power (Pth,FC/ Pel,FC,M) as a
function of the normalized electrical power of the FC-mCHP (Pel,FC/
Pel,FC,M) is given by Eq. (4).

ηel,FC
ηel,FC,M

= − 4.67
(
Pel,FC
Pel,FC,M

)4

+12.44
(
Pel,FC
Pel,FC,M

)3

− 12.36
(
Pel,FC
Pel,FC,M

)2

+5.14
(
Pel,FC
Pel,FC,M

)

+ 0.26
(3)

Pth,FC
Pel,FC,M

=0.87
(
Pel,FC
Pel,FC,M

)3

− 0.63
(
Pel,FC
Pel,FC,M

)2

+0.78
(
Pel,FC
Pel,FC,M

)

− 0.04 (4)

With Eq. (3) it is possible to calculate the electrical response of the FC-
mCHP once a maximum electrical efficiency, ηel,FC,M, and a maximum
electrical power, Pel,FC,M, are considered. Similarly, with Eq. (4) it is
possible to calculate the thermal power of the FC-mCHP once a
maximum electrical power, Pel,FC,M, is set as a model input. In the

commercial balance of plant chosen as reference data [47], the
maximum electrical efficiency was 53.8%, a value that has been kept in
this work. The maximum electrical power Pel,FC,M in the reference data
was 36 kW. In the simulation work described later, the value of the
maximum electrical power of the FC-mCHP is a free parameter, although
it is assumed that the same type of correlations given by Eq. (3) and Eq.
(4) are valid.

Using Eq. (1), Eq. (2), Eq. (3) and Eq. (4), it is possible to plot the FC-
mCHP characteristic curves as a function of the non-dimensionalised
electric power, as shown in Fig. 1.

The characteristic curves are only plotted in the range 15–100% of
Pel,FC,M, since this is the range in which experimental data are available.
It can be observed in Fig. 1 that ηel,FC has a variation of around 20%
throughout its operating range (from 42% to 53.8%), with a maximum
value for Pel,FC/Pel,FC,M ∼ 0.4. In spite of the fact that ηth,FC, Pth,FC and
HPRFC increase with Pel,FC/Pel,FC,M, the global efficiency ηgl,FC remains
roughly constant for values of the ratio Pel,FC/Pel,FC,M bigger than 0.4.
This is due to the fact that the drop in ηel,FC is compensated with an in-
crease in ηth,FC.

2.1.2. Electric and thermal demand estimation
The global inputs to the simulation of a given residential application

are the total annual values of thermal (Dth,T) and electrical (Del,T) de-
mands. From them, an annual value of the heat to power ratio of the
demand (HPRD,A) can be used to characterize the application, as:

Fig. 1. FC-mCHP normalized performance curves.

Fig. 2. Hourly demand profiles for each day of year. (a) Electrical demand
profiles. (b) Thermal demand profiles. Shaded areas show dispersion due to
seasonal variations while thick lines show annual averages.
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HPRD,A =
Dth,T

Del,T
(5)

Once the total annual values of the demands for a particular resi-
dential application are given, there is the need to distribute them
throughout the hours and days of the year. This question has been
addressed in different ways by other published works ([29,48]). In the
present work, the demand profiles for each hour and day have been
directly obtained from available published information, as described
next.

2.1.2.1. Profiles of electrical demand. The hourly profiles of electricity
demand for each day of year have been obtained (Fig. 2 (a)) from data
available in Ref. [45] relative to Spain. The thick line shows the annual
average (only as a reference), while the shaded region illustrates the
seasonal dispersion. These profiles represent the fraction of electrical
energy demanded in 1 h of a particular day. The electrical demand in
each hour and day (Del(h, d), kWh/h) can be calculated as the total
annual demand (Del,T) times the non-dimensional profile.

2.1.2.2. Profiles of thermal demand. From the natural gas hourly de-
mand records for Spain ([46]), the hourly profiles for each day of year of
thermal energy demand for a single dwelling have been obtained, as
represented in Fig. 2 (b). As for electricity, the thick line shows the
annual average profile as a reference, while the shaded region represents
the seasonal dispersion (stronger than for electricity). Again, the de-
mand profiles correspond to the fraction of thermal energy demanded in
each hour of a particular day of the year. Then the thermal demand in
each hour and day (Dth(h, d), kWh/h) can be calculated as the total
annual demand (Dth,T) times the non-dimensional profile.

2.1.2.3. Profiles of heat to power ratio of the demand. Once the thermal
and electrical hourly demands have been estimated, the associated
profiles of heat to power ratio of the demand can be calculated, simply
by the dividing the non-dimensional values of thermal and electrical
profiles, as shown in Fig. 3.

It is important to note that, since the thermal and electrical profiles
are already non-dimensional, the profile obtained as a ratio between
them has been represented by lowercase letters (hprD,h,d(h,d)).

To summarize, the methodology used to account for the energy de-
mands has the following steps.

- The starting point are the values of total annual electrical and ther-
mal demands (Del,T and Dth,T), whose ratio is HPRD,A.

- Electrical and thermal demand hourly profiles (one different for each
day of the year) are considered and used to distribute the annual
values Del,T and Dth,T, obtaining the values Del(h, d) y Dth(h, d) in each
hour and day of the full year.

- As a particular residential user is characterized by a given value of
HPRD,A (depending on the relative importance of thermal demand
versus electrical demand), different values of that ratio can be
considered in the simulation to explore the possibilities of using the
FC-mCHP + HP to cover the needs for a certain value of the nominal
electric power (as described in a later section).

2.2. FC-mCHP configurations

The configurations studied in this work initially are the same as in
Ref. [28], which can be summarised as.

C0. Conventional systems for generation of electric power (with an
energy mix) and heat (natural gas boiler). C0 is considered the
reference for comparison of the performance of the other
configurations.
C1. FC-mCHP fed with hydrogen produced by an on-site steam
methane reformer (with heat recovery from hydrogen production,
but without CO2 capture).
C2. FC-mCHP fed with hydrogen from a centralized steam methane
reformer (without heat recovery nor CO2 capture).
C3. FC-mCHP fed with hydrogen from a centralized steam methane
reformer with CO2 capture (without heat recovery).
C4. FC-mCHP fed with hydrogen produced by an on-site electrolyser
(with heat recovery).
C5. FC-mCHP fed with hydrogen supplied from a centralized elec-
trolyser (without heat recovery).

Configurations C1–C5 have been chosen because they cover three
features: on-site hydrogen production (C1, C4) with associated heat
recovery of the production versus centralised production (C2, C3, C5)
without heat recovery; hydrogen production by steam reforming (C1,
C2, C3) or by an electrolyser (C4, C5); and CO2 capture (C3) versus
absence of capture (C1, C2, with no need in C4 and C5). In Table 1 the
differences between C1–C5 configurations are presented. With the
configurations chosen, there is the possibility to study the effects of
using three types of hydrogen (grey, blue and green). Additionally, there
is the possibility of adding a heat pump (HP) to the FC-mCHP system,
leading to other additional five derived configurations (C1–C5 + HP).

2.3. Heat pump model

The heat pump has been modelled through its coefficient of perfor-
mance (CoPHP), which is the ratio between the electrical power
consumed by the heat pump and the thermal power generated. The
CoPHP was calculated at each time of the year using Eq. (6) as in
Ref. [49].

CoPHP(t)= gHP⋅ CoPCarnot = gHP
Th

Th − Tc(t)
(6)

Where gHP is a non-ideality factor, used to reduce the ideal coefficient of
performance CoPCarnot . The latter can be expressed in terms of Th, the hot

Fig. 3. Hourly heat to power ratio profiles for each day of year. Shaded area
shows dispersion due to seasonal variations while the thick line shows the
annual average.

Table 1
Main differences of analysed configuration due to hydrogen production
characteristics.

H2 Production C1 C2 C3 C4 C5

Type SMR SMR SMR Electrolyser Electrolyser
Location On-site Central Central On-site Central
Heat recovery Yes No No Yes No
CO2 emissions Full Full CCS Zero Zero
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Table 2
Configuration parameters used in the model [53–58,60–66].
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sink temperature, and Tc, the cold source temperature (usually the
ambient air temperature). Th is a model parameter, while Tc was ob-
tained through data from a weather station located in Madrid [50]. In
this work values of gHP = 0.5 (the mean value considered in Ref. [49])
and Th = 45◦C (a common value in domestic hot water consumption
[51,52]) have been used.

3. Model utilization

3.1. FC-mCHP performance variables obtained with the model

The implemented model considers both electrical and thermal de-
mands along all hours of a year, even if it they are very low compared
with the assumed value of Pel,FC,M. During the simulation possible stra-
tegies are to set Pel,FC trying to cover the electrical demand, the thermal
demand or the most restrictive demand, with the restriction that Pel,FC
does not exceed the FC-mCHP operating limits. If the upper limit is
exceeded (Pel,FC > Pel,FC,M), the operating point will be Pel,FC = Pel,FC,M.
On the contrary, if the lower limit is exceeded (Pel,FC < 0.15 Pel,FC,M), the
operating point will be Pel,FC = 0.15 Pel,FC,M. Thus, the FC-mCHP oper-
ates continuously throughout the year (in the range 0.15 Pel,FC,M to
Pel,FC,M).

Both demands are considered continuously variable functions, which
means that at each time step they can take a different value. By changing
the power demanded, the FC-mCHP tries to cover this power modifying
Pel,FC and consequently ηel,FC and ηth,FC will also change. The energy
supplied and consumed by the FC-mCHP is obtained by time-integrating
the powers. The equations used to obtain the electric energy supplied by
the FC-mCHP (Eel,FC), the thermal energy supplied by the FC-mCHP
(Eth,FC), and the hydrogen energy consumed by the FC-mCHP (EH2,FC)
are given in Eqs. (7)–(9).

Eel,FC =
∫ t

0
Pel,FC(t) dt (7)

Eth,FC =
∫ t

0
Pth,FC(t) dt (8)

EH2,FC =
∫ t

0
PH2,FC(t) dt =

∫ t

0

Pel,FC(t)
ηel,FC(t)

dt (9)

Primary energy savings have been estimated for the different
configuration parameters and the values of Table 2. The efficiency and
associated CO2 emissions of electricity production and hydrogen
obtention of the specific pathway of each configuration are accounted
for as presented in Ref. [28]. This provides the energy efficiency up to
the hydrogen fed into the FC-mCHP. This energy efficiency from primary
energy combined with the FC-mCHP efficiency leads to the complete
transformation energy efficiency (ηEn < ηgl,FC) from primary energy to
electricity (ηel ≤ ηel,FC) and thermal energy (ηth) produced by the
FC-mCHP plus the heat pump in case it is implemented. The exergy ef-
ficiencies can be calculated from energy efficiencies as described in
Appendix 1. CO2 emissions savings are strongly related to the primary
energy savings, although each technology has a different CO2 emission
factor. Similarly, economic savings have been estimated from configu-
ration parameters and simulation results.

Due to the fact that the variation of the configuration parameters can
change the results, a sensitivity analysis of the influence of changes in
the model parameters was carried out in Ref. [28]. It was observed that
the electrical performance of the fuel cell is the most influential
parameter on the results.

3.2. FC-mCHP operation strategies

Three operating strategies have been considered. In the first one the
FC-mCHP system works to meet the electrical demand Del. In the second
the FC-mCHP system works to cover the thermal demand Dth. In the
third the FC-mCHP system works to try to meet both demands.

3.2.1. FC-mCHP system working to meet electric demand
In this situation, Pel,FC is set to satisfy the electrical power demanded

(Pel,D) at each time. Three situations can occur in each simulation time
step:

- 0.15 Pel,FC,M < Pel,D < Pel,FC,M: in this situation, Pel,FC = Pel,D.
- Pel,D < 0.15 Pel,FC,M: in this case, Pel,FC = 0.15 Pel,FC,M, and the surplus
energy (0.15 Pel,FC,M − Pel,D) will be evacuated to the grid.

- Pel,D > Pel,FC,M: in this case, Pel,FC = Pel,FC,M, and the uncovered de-
mand (Pel,D − Pel,FC,M) will be satisfied via grid connection.

In this control strategy the thermal power Pth,FC is a result, with a
value that depends on the operating point of the fuel cell (imposed by
the value of the electric demand Pel,FC). If the thermal power Pth,FC is
higher than the value demanded (Pth,D), the excess (Pth,FC − Pth,D) is
dissipated to the environment. On the other hand, if Pth,FC < Pth,D, the
default demand (Pth,D − Pth,FC) is covered by means of a natural gas
boiler. An explanatory flowchart of this strategy is shown in Appendix 2.

3.2.2. FC-mCHP system working to meet thermal demand
In this operating mode, the electric power Pel,FC at each time step is

chosen with the objective of generating enough thermal power Pth,FC to
cover the thermal demand Pth,D(t). Thus, three situations can occur:

- The generated thermal power Pth,FC equals the demand Pth,D, and the
associated value Pel,FC fits in the range between the minimum and the
maximum electric power.

- If the thermal power demand leads to an operating point for which
the electric power would fall below the minimum given by Pel,FC =

0.15 Pel,FC,M, then the electric power of the fuel cell is set to that
minimum. In addition, if Pth,D is lower than the minimum Pth,FC, the
excess of thermal energy is dissipated to the environment.

- Accordingly, if the thermal power demand leads to an operating
point for which the electric power would be bigger than the
maximum Pel,FC,M, then the FC-mCHP cannot fully satisfy the thermal
demand Pth,D, and the uncovered demand must be covered via the
natural gas boiler.

In this strategy, if Pel,FC > Pel,D, the power excess (Pel,FC − Pel,D) is fed-
in into the grid, while if Pel,FC < Pel,D, the remaining demand (Pel,D −
Pel,FC) is to be covered from the electrical grid.

3.2.3. FC-mCHP system working to meet the most limiting demand
This strategy attempts to satisfy at each time step the most limiting

demand, electrical or thermal. For this purpose, every time step, the
model evaluates which demand implies adopting a higher Pel,FC, i.e. a
higher load for the FC system. Thus, Pel,FC is changed to satisfy the de-
mand that requires a higher Pel,FC. If satisfying the thermal demand re-
quires a higher Pel,FC than the needed to cover the electrical demand, the
FC-mCHP system will work to cover the thermal demand. In the reverse
situation, the FC-mCHP system will work to cover the electrical demand.
An explanatory flow chart of this evaluation process is shown in
Appendix 3.

*In this work, the efficiency of renewable energy generation is (methodologically) assumed to be 100%, in accordance
with the usual standard.
**The lifetime of the equipment has been used to estimate the amortization cost considering an annual use time of 4380
hours per year.
***Assumptions.
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3.2.4. FC-mCHP system combined with a heat pump
The assumption made in this extended configuration is that the FC-

mCHP works in combination with a heat pump, so that the system is
in a better situation to try to cover both Dth and Del. This extended
configuration has a great interest in many cases in which the heat to
power ratio of the demand (HPRD) is greater than the typical values of
the fuel cell (HPRFC). The heat pump then allows to convert electrical
energy into thermal energy (with a CoPHP) increasing the HPR of the
energies produced. To calculate the operating value of the FC-mCHP in
terms of electrical power Pel,FC, Eq. (10) is solved at each time step.

Pth,D(t) − Pth,FC(t)=PHP(t) PHP(t)=CoPHP(t)
( (
Pel,FC(t)+Pel,G(t)

)
− Pel,D(t)

)

(10)

where PHP is the heat pump electricity power required to operate it to
generate thermal power, and Pel,G is the electric power imported from

the grid (if needed).
When the HPRD is lower than the HPRFC it is not possible to match

them, and the system will work to cover Del. In this case, the excess of
thermal power generated by the system will be dissipated to the envi-
ronment.

4. Results analysis and discussion

The simulation time is extended to all 8760 h of a full year by using
an in-houseMatlab code. Two sets of results have been obtained, the first
one analyses the differences between different operation strategies that
the FC-mCHP can follow and the second one studies the feasibility of the
combination of the FC-mCHP and a heat pump. In all cases, the results
for the five configurations C1–C5 are presented simultaneously. The
analysed results are primary energy savings, energy and exergy

Fig. 4. Schematic of systems considered to satisfy the electrical and thermal demand.

Fig. 5. ηel-ηth coordinate plane of C1–C5 from primary energy to final FC-mCHP production. FC-mCHP system working to satisfy: (a) the electric demand, (b) the
thermal demand, (c) the highest demand, (d) the highest demand plus combination with a heat pump. Grey shaded areas in (a), (b) and (c) are non-allowed points.
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efficiencies, CO2 emissions savings and economic savings.
In all simulations presented the annual electrical demand Del,T is set

at 4380 kWhel. This value is equivalent to a constant demand of 0.5 kW
and is in accordance with the results of Kilpatrick R et al. [67]. On the
other hand, the annual thermal demand Dth,T is set to have values of
HPRD,A of 0, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 5, 6 and 8. Additionally, the
values of Pel,FC,M considered are 0.5, 1, 2, 4, 6 and 10 kWel.

4.1. Energy analysis from primary energy

The combination of operating conditions of the FC-mCHP
throughout the year provides the instantaneous values of electric and
thermal power in each hour of the year. The integration of powers
(according to Eq. (10)) allows obtaining the values of the energy
demanded by the FC-mCHP, as well as the energies generated by it, with
the possibility of combining with a heat pump. As said, the heat pump
efficiently uses part of generated electricity to pump heat taken from
environment at a temperature compatible with thermal demand.
Moreover, if the processes of generating the hydrogen needed to feed the
FC-mCHP are considered, the primary energy consumption is given.
Since these processes can generate rejected heat, part of it can be also
used to satisfy the thermal demand, although only with on-site pro-
duction (C1 and C4 configurations). The relevant terms can be seen in
Fig. 4.

As a result of the simulations performed combining the values of
HPRD,A and Pel,FC,M, the efficiencies (ηel and ηth) of hydrogen production
from primary energy to energy generated by FC-mCHP have been
plotted on a ηth-ηel coordinate plane (Fig. 5) as in Refs. [1,68].

The annual values of the electrical and thermal efficiencies of the FC-
mCHP alone are calculated using Eqs. (11) and (12):

ηel,FC =
Eel,FC
EH2,FC

(11)

ηth,FC =
Eth,FC
EH2,FC

(12)

Where EH2,FC is the energy associated with the hydrogen used to feed the
FC-mCHP during the year. These efficiencies correspond to the FC per-

formance characteristics and thus are independent of the hydrogen
production processes. In the following figures, in a plane thermal
efficiency-electrical efficiency, a single black line represents the rela-
tionship between them.

Similarly, accounting for the hydrogen production processes plus the
possible combination with a heat pump leads to similar expressions as
Eqs. (11) and (12), but considering the amount of primary energy
required to generate the hydrogen that feeds the FC-mCHP Eqs. (13) and
(14) respectively:

ηel,FC+HP =
Eel,FC
EH2,Prim

(13)

χth,FC+HP =
Eth,FC + Eth,HP

EH2,Prim
(14)

In the case of thermal energy, the term χ appearing in Eq. (14) is
called energy ratio instead of thermal efficiency since the term corre-
sponding to the heat Eth0 taken from environment is not considered in
the denominator of the expression and under certain conditions the
energy ratio χ can be higher than unity.

Similarly, the annual global energy ratio of the FC-mCHP + HP from
primary energy is calculated using Eq. (15):

χgl,FC+HP =
Eel,D + Eth,FC + Eth,HP

EH2,Prim
= ηel,FC+HP[1+HPRFC + βHP(CoP − 1)]

(15)

With ηel,FC+HP given by Eq. (13), i.e. defined in terms of primary energy.
The parameter βHP quantifies the fraction of electrical energy produced
by the FC-mCHP that is used to drive the heat pump (see Appendix 1 for
full details).

With the definition of these efficiencies and ratios including the
hydrogen production processes, each configuration (C1 to C5, plus the
heat pump) has different numerical values, as can be seen in the
following figures of results.

Strictly speaking, Eq. (15) is valid only for configurations in which
the rejected heat of hydrogen production is not used (C2, C3 and C5).
For the other two configurations (C1 and C4) in which that heat is used
to satisfy part of the thermal demand, the numerical value of the global
efficiency can be easily computed by just simply adding the recovery
term (Eth,Prod) in the numerator, but it is very difficult to obtain an
explicit expression.

As for χth,FC+HP, with the proposed definition of χgl,FC+HP, since the
term corresponding to the heat taken from environment is not intro-
duced in the denominator of Eqs. (14) and (15), in some cases the global
energy ratio can reach values higher than unity. Despite this been
counterintuitive, it has been decided to keep this definition since it
strongly reveals the benefits of increasing thermal energy ratio (and by
extension, global energy ratio) by introducing a heat pump.

Fig. 5(a) and (b) and (c) show the results of the FC-mCHP annual
efficiencies (Eqs. (13) and (14)) from primary energy of the configura-
tions C1 to C5, operating with three different control strategies, i.e.
following (a) electric demand, (b) thermal demand and (c) highest de-
mand. Fig. 5 (d) shows the results for the combined system FC-mCHP +

HP, for the case of following the highest demand. The results for each
configuration are denoted with differentiated colour markers. To help
interpreting the results, auxiliary lines of constant values of energy ratio
χgl and heat to power ratio HPR are included. Grey shaded areas are non-
allowed operating conditions of the FC-mCHP (limited by the restriction
that the global energy efficiency must be lower than unity). However,
not a similar restriction is applied to the combined FC-mCHP + HP
system, due to the environment term.

For comparison, the FC-mCHP efficiencies (Eqs. (11) and (12)) from
the supplied hydrogen energy to FC-mCHP generated energies have also
been plotted with a black line (the arrow shows the sense of increasing
power). In general, it can be seen that electrical efficiency of theFig. 6. Schematic diagram of displacement possibilities within the coordinate

plane ηel-χth.
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production system plus the FC-mCHP (Eqs. (13)–(15)) is always reduced
compared to the values of the FC alone. On the other hand, thermal
efficiency of the whole system can be increased over that of the FC alone,
although only when the heat rejected from hydrogen production is used
(C1 and C4). In any case, the HPR of the FC-mCHP in any of the con-
figurations is bounded between the lines HPR = 1/3 and HPR = 2.5
(approx.).

The energy ratio χgl is strongly increased when a heat pump is
included, with the counterpart of reducing electric efficiency. As a
consequence of this, the HPR increases, moving operating points to the
left and higher in the plane (limited by an HPR = 5).

It can also be seen in Fig. 5 (a) there are less operation points than in
Fig. 5(b) and (c). This is because, when the control strategy is to meet the
electricity demand (a), modifying the HPR of the demand does not
change the system operating point.

Fig. 5 (d) shows that introducing a heat pump is equivalent to having
an additional degree of freedom, making it possible to move the HPR of
the power generation by decreasing ηel and increasing χth. This explains
why there are more possible operation points for this system. The higher
the CoPHP, the greater the increase of χth achieved with the same
reduction of ηel. Since χgl = χth + ηel, the higher the CoPHP the greater the
possibility of increasing χgl. However, CoPHP depends on TH and TC (Eq.
(6), with the higher TH the lower the CoPHP).

Fig. 6 shows the different possibilities to move the system operating
point within the coordinate plane χth-ηel. For instance, the red arrow
moving downwards illustrates the case when thermal energy is dissi-
pated, while the red arrow moving to the left corresponds to the case in

which electric energy is fed into the grid (and then not used in the
application). On the other hand, it is also possible to directly transform
electric energy into heat (by a resistance heater, orange arrow), with the
overall efficiency (from primary energy to final energy) remaining
constant. The green region is where it is possible to move the operating
points by using a heat pump, depending on the value of the heat pump
CoPHP (which in turn determines the ratio χth/ηel).

It is possible to move to almost all positions of the coordinate plane
χth-ηel that are to the left of the vertical line given by the value of ηel.
However, even with addition of the heat pump, it is not possible to move
to the right of that vertical line. The other limitation of the movement of
the operating point within the coordinate plane χth-ηel is the electrical-
to-thermal energy conversion technology. Ideally, the technology used
should start from a point that allows the movement to the largest
possible number of points of the coordinate plane χth-ηel, with the
maximum achievable electric efficiency ηel. In this way, it would be
possible to regulate the HPR of the generation system and move to
higher global energy ratios, χgl.

Fig. 7 shows the primary energy savings of all configurations
(C1–C5) referred to C0, as a function of the maximum electrical power of
FC (Pel,FC,M = [0.5, 10] kW) and the annual average value of heat-to-
power ratio (HPRD,A = [0, 8]). The results have been plotted as sur-
faces. Each subfigure in Fig. 7 shows the results when the strategy is
covering: (a) electric demand, (b) thermal demand, (c) both demands
and (d) both demands plus combination with a heat pump.

In general, it can be seen that for all configurations there are regions,
characterized by low values of the demand annual heat to power ratio

Fig. 7. Primary energy savings of C1–C5 considering energy fed-in electricity to the grid. FC-mCHP system working to satisfy: (a) the electric demand, (b) the
thermal demand, (c) the highest demand, (d) the highest demand plus combination with a heat pump.
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HPRD,A, in which primary energy savings are negative (i.e., losses),
while for high values of HPRD,A, primary energy savings are achieved. It
can also be observed in Fig. 7 that there are two trends. First, configu-
rations with no heat recovery of hydrogen production (C2, C3 and C5)
have surfaces that are quasi-parallel and do not intersect each other. C5
always performs worse than C3, that in turn always performs worse than
C2, because hydrogen generation efficiency in C5 is lower than in C3
which in turn is lower than in C2. Secondly, configuration with on-site
hydrogen production (C1 and C4) that allow recovery of heat rejected
during that process, show similar trends, as the differences between
them lie in the efficiency of the hydrogen generation system and the
efficiency of the energy transport system (Table 2). The hydrogen gen-
eration system is more efficient in C1 (although using a fossil resource)
than in C4 (that uses renewable energy), so primary energy savings al-
ways are higher in C1 than in C4.

Fig. 7 (a) shows that in all configurations (C1–C5) the primary en-
ergy savings tend to 0 as HPRD,A increases, this is because Del,T is con-
stant while Dth,T increases with HPRD,A. Since the system works to satisfy
Del, as Dth increases the total energy covered by the FC-mCHP is rela-
tively lower. Furthermore, as Del,T is not changed during the simulations,
the highest primary energy savings are achieved with Pel,FC,M = 1kW in
all configurations C1–C5. Although in Fig. 7 (a) FC-mCHP works to
satisfy Del, the systems that make use of the heat rejected from the
hydrogen production process (C1 and C4) can save more energy when
HPRD,A > 1, with a maximum for a value close to 2. When HPRD,A < 1,
there is an excess of Eth,FC that is dissipated to the environment. In
configurations without thermal utilization in the hydrogen production
(C2, C3 and C5), the highest primary energy savings are achieved when
HPRD,A is close to 0.5.

When the FC-mCHP works to satisfy the thermal demand Dth (Fig. 7
(b)), it can be observed for all configurations C1–C5 that with a HPRD,A

of 0 there are negative primary energy savings, since the FC-mCHP
system works in the lower limit (Pel,FC = 0.15 Pel,FC,M). When HPRD,A is
increased, maximum primary energy savings are achieved increasing
Pel,FC,M. With the same value of HPRD,A, C1 and C4 require less Pel,FC,M
than C2, C3 and C5 to obtain the highest primary energy savings.

When the FC-mCHP works to meet the highest demand (Fig. 7 (c)),
the results are a combination of the results of Fig. 7 (a) and 7 (b). With
low HPRD,A values the results resemble those in Fig. 7 (a), while for high
HPRD,A values the results are close to those in Fig. 7 (b), with a transition
value of HPRD,A that depends on the configuration. In configurations
without thermal utilization in the hydrogen production (C2, C3 and C5),
the value of HPRD,A is around 0.5, while in configurations with thermal
utilization in the hydrogen production (C1 and C4) the value of HPRD,A

is around 2.
Finally, Fig. 7 (d) shows the primary energy savings of C1–C5 con-

figurations of the FC-mCHP combined with a heat pump, again as a
function of Pel,FC,M and HPRD,A. In this case, all configurations C1–C5
have similar trends, since the different between them come from the
different hydrogen production efficiency. In general, primary energy
savings are slightly higher when the maximum power of the FC system
Pel,FC,M reduces. However, the influence of Pel,FC,M on the results is much
lower than that of HPRD,A.The bigger the weight of the heat pump in the
amount of thermal energy generated, the bigger the energy savings. In
general, the higher the value of HPRD,A and the lower the value of
Pel,FC,M, the higher energy savings.

4.2. Exergy analysis from primary energy

Mean annual exergy efficiencies of the FC-mCHP alone are calculated
using Eqs. (16) and (17) (more details can be found in Appendix 1):

Fig. 8. ηEn-ηEx coordinate plane of C1–C5 from energy generation to final FC-mCHP production. FC-mCHP system working to satisfy: (a) the electric demand, (b) the
thermal demand, (c) the highest demand, (d) the highest demand plus combination with a heat pump. Grey shaded areas are non-possible points.
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ηEx,el,FC =
Exel,FC
ExH2,FC

=
1

φH2
ηel,FC (16)

ηEx,th,FC =
Ex

(
Eth,FC

)

ExH2,FC
=

1
φH2

ηth,FC
(

1 −
T0

Tth,FC

)

(17)

The mean annual exergy efficiency of electricity in the FC-mCHP is
equal the energy efficiency of electricity, except for the fuel exergy
factor for hydrogen φH2 (that is very close to 1, exactly 0.985 [69]). On
the other hand, the mean annual thermal exergy efficiency is calculated
as the thermal energy efficiency multiplied by the Carnot factor corre-
sponding to the hot temperature sink and the inverse of the factor φH2.

The mean annual global exergy efficiency of the FC-mCHP + HP is
calculated using Eq. (18) (details in Appendix 1):

ηEx,FC+HP=
Eel,D+Eth,FC

(

1 − T0
Tth,FC

)

+Eth,HP
(

1 − T0
Tth,HP

)

φH2 •EH2,Prim

=
ηel,FC+HP

φH2

[

1+HPRFC

(

1−
T0

Tth,FC

)

+βHP•
(

CoP
(

1−
T0

Tth,HP

)

− 1
)]

(18)

Where ηel,FC+HP is given by Eq. (13), to account for the hydrogen pro-
duction phase.

As in the case of the energy efficiency (Eq. (15)), the expression of
exergy efficiency Eq. (18) is strictly only valid for configurations C2, C3
and C5 in which no heat is recovered from hydrogen production. For
configurations C1 and C4, the global exergy efficiency can be also
numerically computed by considering the exergy of the thermal recov-
ery term (Exth,Prod) in the numerator, but it is too complex to write an

explicit expression. Concerning the thermal energy term taken from the
environment by the heat pump, its exergy is zero so there is no need to
consider it so the expression Eq. (18) is strictly less than 1.

Fig. 8 shows the coordinate plane ηEx-ηEn where the simulation re-
sults have been positioned. This figure shows the efficiencies from pri-
mary energy to final energy. Grey shaded areas represent non allowed
operating points, similar for the three cases of operation of the FC alone.
When a heat pump is added, the restriction of the energy efficiency
lower than unity disappears, since the energy of the heat taken from
environment in not explicitly consider in the definition of energy effi-
ciency. However, the exergy of this heat is zero (due to its temperature)
and for that reason, there is no need to include it in the exergy efficiency.

Note in Fig. 8(a) and (b) and (c) that for all configurations C1–C5 and
regardless of the operating strategy, the ratio ηEx/ηEn is always bounded
between 0.3 and 0.7 (with a mean value of 0.5). The exergy efficiencies
of configurations with hydrogen production by reforming (C1 and C2)
are higher than those of the configurations with hydrogen production by
electrolysis (C4 and C5). This is because the reforming efficiency (0.76)
considered (Table 2) is higher than the electrolyser efficiency (0.64). In
case of configuration C3, hydrogen is also produced by reforming, but
the CO2 capture reduces the efficiency to an intermediate value of 0.69.

When a heat pump is added (Fig. 8 (d)), the energy ratio always
increases, although the exergy efficiency decreases. The higher the value
of CoPHP the more the χgl is increased with an associated reduction of the
ηEx.

In an off-grid generation system, it is useful to introduce a heat pump
that adapts the HPR of the generation to the demand HPR. However, in a
grid-connected system, it could be more interesting to export electrical
energy to the grid, avoiding the exergy destruction in the heat pump.

Fig. 9. CO2 emissions savings of C1–C5. FC-mCHP system working to satisfy: (a) the electric demand, (b) the thermal demand, (c) the highest demand, (d) the
highest demand plus combination with a heat pump.
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4.3. CO2 emissions savings considering primary energy consumption

CO2 emissions savings have been calculated for the annual operation
of all configurations C1–C5 using as a reference configuration C0. The
values have been calculated using the same approach as in Ref. [28]. The
methodology consists in calculating the energy consumption by source
with each configuration and multiplying by the CO2 emissions factor
[59]. For all configurations, when consuming energy from the conven-
tional grid, the CO2 emissions factors for electricity and natural gas are
used (Table 2). Also, CO2 emissions factor of green H2 is used in C4 and
C5, CO2 emissions factor of H2 obtained from steam reforming is used in
C1 and C2, and CO2 emissions factor of H2 obtained from steam
reforming with CCS is used in C3.

Fig. 9 shows the CO2 emission savings of C1–C5 as a function of
Pel,FC,M and HPRD,A when the strategy is to meet: (a) electric demand, (b)
thermal demand, (c) both demands and (d) both demands plus a com-
bination with a heat pump.

In general, there are CO2 emission savings, although the savings
strongly depend on the configuration type and the operating point
(given by the power and heat to power ratio of the demand). Thus,
configurations with hydrogen obtained by SMR (C1 and C2) present low
saving values as they have CO2 emission factors of the order of C0. If
CO2 capture in included in the reforming process (C3), the trends are
closer to the configurations with hydrogen obtained by electrolysis with
renewable energy (C4 and C5). In some operating points, C4 (on-site
electrolyser with heat recovery) performs better than C5 (centralised
electrolyser). In addition, there can be CO2 emission savings greater
than 100% due to the consideration of CO2 emissions savings of the
electric energy exported to the grid.

In Fig. 9 (a) CO2 emissions savings tend to 0 since demand increases
when increasing HPRD,A without varying the FC-mCHP operating point.
In this situation, for C3–C5, the CO2 emission savings grow with Pel,FC,M

and decreases with increasing HPRD,A. In addition, with low HPRD,A, not
much natural gas is consumed in the boiler, which improves CO2
emission savings.

In Fig. 9 (b) CO2 emissions savings increase with HPRD,A due to the
increase of electrical power exported to the grid. In addition, with high
HPRD,A and low Pel,FC,M the FC-mCHP system operates at full load, and
any demand above the maximum thermal output of the FC-mCHP is met
by the natural gas boiler, which reduces CO2 emissions savings.
Therefore, increasing Pel,FC,M also increases CO2 emissions savings.

In Fig. 9 (c), similar results to the best of the two previous strategies
are obtained at eachHPRD,A and Pel,FC,M. In addition, it is remarkable that
the first strategy (Fig. 9 (a)) obtains better results with low HPRD,A and
low Pel,FC,M, while the second strategy (Fig. 9 (b)) works better for high
HPRD,A values and high Pel,FC,M.values.

Fig. 9 (d) shows CO2 emission savings results for C1–C5 when FC-
mCHP is combined with a heat pump as a function of Pel,FC,M and
HPRD,A. The results obtained are very similar to Fig. 9 (a). CO2 emission
savings higher than 100% can only be achieved when electrical energy is
fed back to the grid. The strategy only allows dumping electrical energy
to the grid when HPRD,A is low and Pel,FC,M high. If electrical energy is
taken from the grid to run the heat pump because Del > Pel,FC,M the CO2
emission savings are due to thermal energy savings.

To explore more in depth the results of CO2 emissions savings for
each operating mode, they have been plotted as a function of the fraction
of global demand covered by the FC-mCHP (Fig. 10). As can be seen in
Fig. 10, there are points at which the FC-mCHP generates more energy
than the demanded (percentages higher than 100% in the abscissas
axis). This is due to the possibility of exporting electricity to the grid and
also dissipating thermal energy to the environment. When electric en-
ergy is exported to the grid, this represents a primary energy saving, and
therefore the corresponding CO2 emissions savings can be computed.
However, when thermal energy is dissipated to the environment, there is

Fig. 10. Distribution of CO2 emissions savings as a function of the demand covered by the FC-mCHP for C1–C5. FC-mCHP system working to satisfy: (a) the electric
demand, (b) the thermal demand, (c) the highest demand, (d) the highest demand plus combination with a heat pump.
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no CO2 emissions benefit. Fig. 10 shows that for configurations C3, C4
and C5, the CO2 emission savings are higher when the energy supplied
by the FC-mCHP is higher.

4.4. Economic analysis from primary energy

The economic analysis of the energy production using the FC-mCHP
system has been performed, including the investment costs and opera-
tive costs (Table 2) of the different configurations, and compared with
the reference configuration C0. The comparison provides positive sav-
ings in some cases, but also negative savings (losses) in other cases.

Fig. 11 shows the annual economic savings results of configurations
C1–C5 as a function of Pel,FC,M and HPRD,A, when the strategy is to meet:
(a) electric demand, (b) thermal demand, (c) both demands and (d) both
demands plus combination with a heat pump. In the model when a
certain system is not used in some specific operating conditions, for
instance the natural gas boiler, its cost is not accounted for the calcu-
lations. This can cause sharp changes in the results.

All configurations follow similar trends, ranging from negative sav-
ings (losses) in most of the operating conditions to positive savings. For a
given configuration, the most influencing parameter is the nominal
electric power of the FC-mCHP. Positive savings are achieved for small
values of the nominal power. Configurations with hydrogen production

by steam reforming (C1, C2 and C3) are the most cost-effective config-
urations, for the assumed cost of natural gas. C2 and C3 only differ in
hydrogen cost and CO2 emissions factors. Configurations with hydrogen
production by electrolysis (C4 and C5) economically perform worse,
with C4 being slightly worse than C5 since the on-site electrolyser leads
to a higher equivalent hydrogen cost.

Fig. 11 (d) shows economic savings results for C1–C5 for the com-
bination FC-mCHP + HP, as a function of Pel,FC,M and HPRD,A. Trends
obtained are very similar to Fig. 11 (a). In this case there are no abrupt
changes in the results surfaces, since the natural gas boiler is not needed
in any configuration. In case of not being able to export electricity to the
grid, the combination of a heat pump-based with the FC-mCHP can
provide significant advantages.

As a final comment, when comparing the CO2 savings (Fig. 9) with
the economic savings (Fig. 11), in general opposite trends can be
observed. This means that CO2 savings can be achieved, but with higher
costs than with the reference configuration.

5. Conclusions

In this work, a model has been developed to calculate the response of
the FC-mCHP system along a full year, adapting its operating point to the
varying electrical and thermal demands. Algebraic relationships of

Fig. 11. Economic savings of C1–C5 considering energy fed back to the grid. FC-mCHP system working to satisfy: (a) the electric demand, (b) the thermal demand,
(c) the highest demand, (d) the highest demand plus combination with a heat pump.
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electric efficiency and thermal power of the FC-mCHP have been used to
model the system. Five configurations (C1–C5) have been considered,
with the same FC-mCHP system but with different alternatives for
hydrogen production (SMR, electrolysis, on-site, centralized, with and
without recovery of rejected heat, with and without CO2 capture).
Additionally, there is the possibility for each configuration to combine it
with a heat pump (FC-mCHP + HP) to allow generating more thermal
energy, increasing the heat to power ratio. Three operating strategies
have been considered: covering the electrical demand, the thermal de-
mand, and the highest demand.

The main trends observed from the analysis of results (energy effi-
ciency, exergy efficiency, CO2 emissions savings, economic analysis) of
the operating conditions of the system throughout a full year are.

- When the hydrogen production is accounted for, the electrical effi-
ciency from primary energy is reduced compared to the FC effi-
ciency. However, the thermal efficiency can be increased in
configurations (C1 and C4) in which there is recovery of heat
rejected in the hydrogen production.

- The introduction of a heat pump strongly increases the thermal ef-
ficiency (up to 90% in some points) at the expense of the electrical
efficiency. It also extends the possibility to satisfy thermal demands
with higher heat to power ratios (up to 5).

- Similar trends appear for exergy efficiency from primary energy. As a
reference, exergy efficiency is about a half of energy efficiency.
Again, the addition of a heat pump increases the possible operating
points, although the exergy efficiency reduces (at some points, up to
50% of the original value).

- In terms of primary energy, all studied configurations can have en-
ergy savings (between 20 and 60%), depending on the efficiency of
hydrogen production pathway. But also, in all configurations there
are operating conditions at which primary energy losses appear.
Then, it is very important to match the power of the FC-mCHP to the
demand characteristics (defined by the mean electrical power and
the heat to power ratio).

- In general, there are always CO2 emissions savings compared with
the reference configuration. These savings can be of about 50% for
configurations with hydrogen production by SMR but without CO2
capture (C1 and C2), and as high as 300% for configurations with
SMR combined with CO2 capture (C3) or electrolysis CO2-free con-
figurations (C4 and C5). The parameters that most determine the
results are the CO2 emissions factor of the hydrogen production

configuration and the excess electrical energy generated by the FC-
mCHP that can be fed-in into the grid.

- CO2 savings can be even higher when the operating strategy is
satisfying thermal demand (up to 400% for C3 and C5). This is a
consequence of the induced CO2 savings due to the avoidance of
conventional electricity production, substituted by the electricity
generated in excess by the FC-mCHP system and fed-in into the grid.

- As for the economic analysis, all configurations lead to negative
savings (losses) compared to the reference configuration. The results
are very sensitive to the operating conditions, in addition to the
hydrogen cost and the investment costs. The trends of economic
savings are the opposite of CO2 emissions savings, showing the
trade-off between both results.

Further research can be proposed from the results of this work. The
model already developed can be used for more specific studies within
each configuration. It could be also interesting to extend the model to
consider thermal storage, cooling systems and new renewable energy
generation systems such as solar energy.
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Appendix 1

This appendix includes the expressions that relate the main performance variables of the FC-mCHP system, including the hydrogen production
phase and the possibility of combining with a heat pump. The subsystems and the energy flows were presented in Fig. 4 of the main text.

For a clearer explanation, some expressions already introduced in the main body of the paper are repeated here. The mean annual energy effi-
ciencies (electrical, thermal and global) of the FC-mCHP system are defined according to Eqs. (19)–(21):

ηel,FC =
Eel,FC
EH2,FC

(19)

ηth,FC =
Eth,FC
EH2,FC

(20)

ηgl,FC = ηel,FC + ηth,FC =
Eel,FC + Eth,FC

EH2,FC
(21)
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With the adopted definition, this mean annual energy global efficiency of just the FC-mCHP is always less than unity.
Accounting for the hydrogen production processes plus the possible combination with a heat pump leads to similar expressions of the annual

electrical and thermal efficiencies but considering as reference the amount of primary energy required to generate the hydrogen that feeds the FC-
mCHP, Eqs. (22) and (23). In the case of thermal energy, the term χ appearing in Eq. (23) is called energy ratio instead of thermal efficiency since
the term corresponding to the heat taken from environment (Eth0 in Fig. 4 of the main text) is not considered in the denominator of the expression and
under certain conditions the energy ratio χ can be higher than unity.

ηel,FC+HP =
Eel,FC
EH2,Prim

(22)

χth,FC+HP =
Eth,FC + Eth,HP

EH2,Prim
(23)

The exergy associated to the hydrogen flow is related to the energy associated to the hydrogen flow by means of a characteristic factor φH2 which
depends on the fuel composition (although its value for hydrogen is very close to 1, 0.985 [69]), according to Eq. (24):

ExH2 =φH2 • EH2 (24)

This relationship helps to express the exergy efficiencies in terms of the energy efficiencies. For instance, the mean annual electrical exergy ef-
ficiency is equal to the electrical energy efficiency multiplied by the inverse of φH2:

ηEx,el,FC =
Exel,FC
ExH2,FC

=
1

φH2
ηel,FC (25)

All thermal energies are generated at a characteristic temperature that defines their exergy content. Then the mean annual thermal exergy effi-
ciency is equal to the thermal energy efficiency multiplied by the Carnot factor corresponding to the hot temperature sink (Eq. (26)):

ηEx,th,FC =
Ex

(
Eth,FC

)

ExH2,FC
=

1
φH2

ηth,FC
(

1 −
T0

Tth,FC

)

(26)

When a heat pump is added to the system, FC-mCHP+HP, it is possible to use part of the electrical energy generated by the FC-mCHP to pump heat
taken from environment (Eth0 ) up to the temperature level required by the demand. The total thermal energy pumped is calculated from the electric
energy input with a multiplicative effect given by the heat pump CoP (Eq. (27)):

Eth,HP = Eel,HP*CoP=
(
Eel,FC − Eel,D

)
*CoP (27)

The exergy efficiency of the heat pump can be expressed using its CoP and the Carnot efficiency (Eq. (28)):

ηEx,HP =
Ex

(
Eth,HP

)

Exel,HP
=
Eth,HP
Eel,HP

(

1 −
T0

Tth,HP

)

=CoP
(

1 −
T0

Tth,HP

)

(28)

The Heat to Power Ratio of the combined FC-mCHP + HP system is defined according to Eq. (29).

HPRFC+HP =
Eth,FC + Eth,HP
Eel,FC − Eel,HP

(29)

If the heat pump does not work, Eel,HP = Eth,HP = 0 and the system reduces to a FC-mCHP alone, with a HPRFC given by Eq. (30).

HPRFC =
Eth,FC
Eel,FC

(30)

According to the operation mode of the combined FC-mCHP + HP system, the electrical energy produced by the FC-mCHP has to cover the
electrical energy demanded and the electrical energy needed by the heat pump (Eq. (31)).

Eel,FC = Eel,D + Eel,HP = Eel,D +
Eth,HP
CoP

(31)

The parameter βHP is introduced to quantify the fraction of electrical energy produced by the FC-mCHP that is used to drive the heat pump (Eq.
(32)):

βHP =
Eel,HP
Eel,FC

(32)

If βHP = 0 only the FC-mCHP works, while if βHP = 1 all electrical energy produced by the fuel cell is used to drive the heat pump, with no electrical
energy available to satisfy electrical demand (and then HPRFC+HP→∞).

Considering the parameter βHP, the resulting HPRFC+HP expression is Eq. (33).

HPRFC+HP =
Eth,FC + Eth,HP
Eel,FC − Eel,HP

=

Eth,FC
Eel,FC

+
Eth,HP
Eel,FC

1 − 1
CoP

Eth,HP
Eel,FC

=
HPRFC +

Eth,HP
Eel,FC

1 −
Eel,HP
Eel,FC

=
HPRFC +

Eel,HP•CoP
Eel,FC

1 −
Eel,HP
Eel,FC

=
HPRFC + βHP • CoP

1 − βHP
(33)
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In Fig. 1 the dependence of HPRFC+HP on the parameter βHP is plotted considering two sets of values of CoP and HPRFC.

Fig. 1. Dependence of HPR of combined system FC-mCHP + HP on βHP.

The mean annual global energy ratio of the FC-mCHP + HP system, from hydrogen energy to electric and thermal energies produced, can be
expressed including the parameter βHP as Eq. (34):

χgl,FC+HP =
Eel,D + Eth,FC + Eth,HP

EH2
=
Eel,D
EH2

+ ηth,FC +
Eth,HP
EH2

= ηel,FC −
Eel,HP
EH2

+ ηth,FC +
CoP • Eel,HP

EH2
= ηel,FC + ηth,FC +

Eel,HP
EH2

(CoP − 1)= ηel,FC + ηth,FC + βHP

•
Eel,FC
EH2

(CoP − 1)= ηth,FC + ηel,FC (1+ βHP(CoP − 1))= ηel,FC[1+HPRFC + βHP(CoP − 1)] (34)

If the primary energy required to generate the hydrogen is considered as reference for the global efficiency, an expression formally identical to Eq.
(34) is obtained, with the only difference that the electrical efficiency from primary energy given by Eq. (22) must be used.

The mean annual global energy ratio given by Eq. (34) considers only as input the hydrogen energy. However, heat is also taken from ambient as an
input to the heat pump. For that reason, this mean annual global energy ratio χ can have values higher than unity in some conditions.

The mean annual exergy efficiency of the FC-mCHP + HP system follows Eq. (35):

ηEx,FC+HP =
Eel,D + Eth,FC

(

1 − T0
Tth,FC

)

+ Eth,HP
(

1 − T0
Tth,HP

)

φH2 • EH2
=

1
φH2

⎡

⎢
⎢
⎣

Eel,FC − Eel,HP + Eth,FC
(

1 − T0
Tth,FC

)

+ Eth,HP
(

1 − T0
Tth,HP

)

EH2

⎤

⎥
⎥
⎦=

1
φH2

[

ηel,FC − βHP

• ηel,FC + ηth,FC
(

1 −
T0

Tth,FC

)

+ βHP • ηel,FC • CoP
(

1 −
T0

Tth,HP

)]

=
1

φH2

⎡

⎢
⎢
⎣ηth,FC

(

1 −
T0

Tth,FC

)

+ ηel,FC •
(
1+ βHP

•

(

CoP
(

1 −
T0

Tth,HP

)

− 1
)]

=
ηel,FC
φH2

[

1+HPRFC

(

1 −
T0

Tth,FC

)

+ βHP •
(

CoP
(

1 −
T0

Tth,HP

)

− 1
)]

(35)

Even though the heat taken from ambient as input to the heat pump Eth0 is not explicitly considered in the denominator of Eq. (35) of the global
exergy efficiency, its associated exergy is always zero (since its characteristic temperature is the ambient temperature). As a result, the global exergy
efficiency given by Eq. (35) has always values less than unity. As before, the extension to consider the efficiency from primary energy is immediate,
just by introducing the associated electrical efficiency from primary energy given by Eq. (22).

Finally, the ratio between the mean annual exergy efficiency and the global energy ratio of the FC-mCHP + HP system is given by Eq. (36):

ηEx,FC+HP
χgl,FC+HP

=
1

φH2

1+ HPRFC

(

1 − T0
Tth,FC

)

+ βHP •
[

CoP
(

1 − T0
Tth,HP

)

− 1
]

1+ HPRFC + βHP(CoP − 1)
(36)
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Appendix 2

Fig. 2. Flowchart of the operation strategy adopted by the FC-mCHP to meet electrical demand Del.
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Appendix 3

Fig. 3. Flowchart of program operation.
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[30] Kayfeci M, Keçebaş A, Bayat M. Hydrogen production. In: Solar hydrogen
production. Elsevier; 2019. p. 45–83. https://doi.org/10.1016/B978-0-12-814853-
2.00003-5.

[31] Dawood F, Anda M, Shafiullah GM. Hydrogen production for energy: an overview.
Int J Hydrogen Energy 2020;45:3847–69. https://doi.org/10.1016/j.
ijhydene.2019.12.059.

[32] Motapon SN, Tremblay O, Dessaint LA. Development of a generic fuel cell model:
application to a fuel cell vehicle simulation. Int J Power Electron 2012;4:505.
https://doi.org/10.1504/IJPELEC.2012.052427.

[33] Barbir F. PEM fuel cells. second ed. Academic Press; 2012.
[34] Budak Y, Devrim Y. Investigation of micro-combined heat and power application of

PEM fuel cell systems. Energy Convers Manag 2018;160:486–94. https://doi.org/
10.1016/j.enconman.2018.01.077.

[35] Dutta S, Shimpalee S, Van Zee JW. Numerical prediction of mass-exchange
between cathode and anode channels in a PEM fuel cell. Int J Heat Mass Tran 2001;
44:2029–42. https://doi.org/10.1016/S0017-9310(00)00257-X.

[36] Dannenberg K, Ekdunge P, Lindbergh G. Mathematical model of the PEMFC. J Appl
Electrochem 2000;30:1377–87. https://doi.org/10.1023/A:1026534931174.

[37] Ge S-H, Yi B-L. A mathematical model for PEMFC in different flow modes. J Power
Sources 2003;124:1–11. https://doi.org/10.1016/S0378-7753(03)00584-6.

[38] Nazari-Heris M, Abapour S, Mohammadi-Ivatloo B. Optimal economic dispatch of
FC-CHP based heat and power micro-grids. Appl Therm Eng 2017;114:756–69.
https://doi.org/10.1016/j.applthermaleng.2016.12.016.

[39] Wakui T, Wada N, Yokoyama R. Energy-saving effect of a residential polymer
electrolyte fuel cell cogeneration system combined with a plug-in hybrid electric
vehicle. Energy Convers Manag 2014;77:40–51. https://doi.org/10.1016/j.
enconman.2013.09.018.

[40] Chen X, Zhou H, Li W, Yu Z, Gong G, Yan Y, Luo L, Wan Z, Ding Y. Multi-criteria
assessment and optimization study on 5 kW PEMFC based residential CCHP system.
Energy Convers Manag 2018;160:384–95. https://doi.org/10.1016/j.
enconman.2018.01.050.

[41] Xu Y, Luo X, Tu Z. Siew Hwa Chan, Multi-criteria assessment of solid oxide fuel
cell–combined cooling, heating, and power system model for residential

application. Energy 2022;259:124974. https://doi.org/10.1016/j.
energy.2022.124974.

[42] Peacock AD, Newborough M. Impact of micro-CHP systems on domestic sector CO2
emissions. Appl Therm Eng 2005;25:2653–76. https://doi.org/10.1016/j.
applthermaleng.2005.03.015.

[43] Cappa F, Facci AL, Ubertini S. Proton exchange membrane fuel cell for cooperating
households: a convenient combined heat and power solution for residential
applications. Energy 2015;90:1229–38. https://doi.org/10.1016/j.
energy.2015.06.092.

[44] Hawkes A, Leach M. Impacts of temporal precision in optimisation modelling of
micro-Combined Heat and Power. Energy 2005;30:1759–79. https://doi.org/
10.1016/j.energy.2004.11.012.
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