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Abstract

Fuel cell based trigeneration plants, that utilize absorption chillers to convert waste heat into cooling energy, are a promising
technology to satisfy heat, power, and cooling demand in warm climates. Polymer electrolyte membrane fuel cells, that operate at
low temperature (< 100 °C), are the most technologically mature among the several types of fuel cells. Thermally activated cooling
technologies are widely utilized in trigeneration plants to improve their efficiency. However, absorption chillers require relatively
high grade thermal energy and their coupling with low temperature fuel cells is relatively untapped.

Herein, we perform a techno-economic analysis of a trigeneration plant based on low temperature polymer electrolyte membrane
fuel cells and half-effect absorption chillers. A thermo-chemical model is developed to estimate the performance of a cogeneration
plant based on low temperature fuel cells and of the half-effect absorption chiller. The behavior of such combined heat, cooling, and
power plant is also analyzed within real energy management scenarios, considering different energy demands, climatic conditions,
energy costs, and plant layouts. The control strategy of the power plant is optimized through a graph-based methodology previously
developed and validated by the authors. Total energy cost and CO5 emissions are then compared to those of a reference scenario
where electricity is acquired from the distribution grid, thermal energy is produced through a natural gas boiler, and a mechanical
chiller is used for cooling.

The results show that the utilization of half-effect absorption chillers boosts the environmental and economic benefits for all
the considered scenarios. We also demonstrate that the utilization of the absorption chiller reduces the imbalance between the
results obtained for the different scenarios (i.e. climates), although economic and environmental benefits associated to distributed

generation are strongly influenced by the energy context.
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1. Introduction

Worldwide, 38.0 % of the final energy is consumed in res-
idential and commercial buildings [1]. Specifically, 45.0 % of
such an energy is utilized in OECD countries. Moreover, in
2010, the building sector caused 30.0 % of COy emissions re-
lated to energy usage [2]. Several factors, such as the increase
of households, the population rise, and the fragmentation of
households, will increase heating, cooling, and electrical en-
ergy consumption in the next years, despite efficiency improve-
ments in the final use [1-3]. Combined Heating and Power
(CHP) systems in combination with district heating and cool-
ing are a possible alternative to the business as usual that could
bring CO, emissions savings for about 950 Mton/year [4] by
2030.

Fuel Cells (FCs) are a promising and diffusing technology
in the stationary field, especially often used as prime movers
for CHP plants in residential and commercial applications [5—
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10]. The most relevant advantages of FCs are: (i) the high effi-
ciency [11] that is not a function of the size and that increases
at part load [12-14]; (ii) the low level of pollutant emissions
[15]; (iii) the absence of moving parts, that results in less en-
ergy dissipation, no mechanical wear, no noise and no vibra-
tions [14, 16]. For these reasons, more than the 60.0 % of the
micro-cogeneration [17] systems sold in 2012 are FCs based
[7, 18, 19]. Moreover, the possibility to use hydrogen fueled
systems as long term electrical energy storage [20, 21], could
represent the perfect match with the growing penetration of re-
newable energy systems [22].

Nowadays, among the different kinds of fuel cells available
for commercialization, Polymer Electrolyte Membrane Fuel Cells
(PEMFCs) rule the market. In fact, in 2017, the 75 % of new-
installed FC units were based on polymer electrolyte membrane
fuel cells [23]. Moreover, PEMFCs market share is growing
and in 2016 it accounted for the 65 % of new FC units. Such
a success is mainly due to technological readiness and to the
favorable performance at part load [13, 14, 24]. Despite 90 %
of the polymer electrolyte membrane fuel cells newly-installed
megawatts are used for transportation [23], the importance of
such devices in the stationary field is still relevant. A great part
of stationary FC-based units are installed within the Japanese
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ENE-FARM project, that mainly focuses on PEMFCs [23, 25].

The concept of CHP systems was originally developed in
1880’s [5], however it is recently catching the attention for sev-
eral economical, environmental, and energetic reasons: (i) higher
total efficiency if compared to separated production [12, 26],
(ii) less emissions of greenhouse gases and pollutants [26, 27],
(iii) investment reduction on large centralized power plants and
distribution lines [26, 27], (iv) lower distribution losses [27],
(v) subsidiary service to the main electrical energy distribution
grid [27], (vi) natural inclination to new and alternative tech-
nologies, especially towards renewable energy sources[20, 26,
28-30]. Moreover, it is possible to incorporate a thermally acti-
vated cooling machine in a CHP plant in order to make thermal
integration more effective in warm months and climates. Ac-
cordingly, a Combined Heat, Cooling, and Power (CHCP) plant
is established [31].

Several thermally activated cooling technologies exist: ab-
sorption chillers [32, 33], adsorption chillers [32, 34] and des-
iccant cooling systems [32, 35]. Absorption chillers are the
most established technology with variety of plant schemes as a
function of the specific application [32, 33]. Double-effect ab-
sorption chillers are the most efficient and can be used if high
quality heat is available (i.e. for temperatures between 120 °C
and 220 °C). Single effect absorption chillers can be used with
an heat source temperature in the range [80°C; 120°C], and
have a Coefficient Of Performance (COP) between 0.5 and 0.7.
Finally, the half-effect scheme can work with heat at a tem-
perature below 80 °C, that could not be used in other kinds of
absorption chillers. Such a feature is fundamental when a PEM
fuel cell is the prime mover of the CHP plant.

The investment cost is the main obstacle to fuel cells dif-
fusion. A survey on the market of FC CHP systems is re-
ported in Table 1. These data show that commercial CHP sys-
tems costs [36—45] are far higher than the Fuel Cells and Hy-
drogen Joint Undertaking (FCH-JU) goals, that are between
3500 €/kW and 6500 €/kW for energy systems with a nominal
power in the range [5 kW - 400 kW] [46]. Moreover, a detailed
techno-economic analysis [5] evidences that the cost of FCs for
CHP applications should be lower than 3000 €/kW to be com-
petitive with internal combustion engines.

The mobility market volume is much bigger than the sta-
tionary sector one. In fact, about 68 % of the power of the FC
energy systems developed in 2017 is attributable to transport
applications [23]. Moreover, it is widely acknowledged that the
cost of energy systems decreases as the production volume in-
creases [42, 47-49]. For these reasons, the usage of automotive
derivative PEMFCs for stationary systems could be useful to
reduce the investment costs of this technology [50, 51]. As a
consequence, it is possible to build a constructive collaboration
between two non-competitive industrial sectors, that could be
crucial for FC CHP power plants development. This is the goal
of the AutoRE project [50, 51], that aims at the establishment of
the basis for the commercialization of an automotive derivative
PEMFC based CHP system with a capital cost of 2000 €/kW
and in the power range between 50 kW and 100 kW.

The automotive derivative PEMFC CHP system has already
been studied in a thorough techno-economic analysis and, when

oo cw G B
Ballard ClearGEN [37] Yes NA 500 40%
Ballard ElectraGen [38] No 17—-50 1.7—-5 40%
Baxi Gamma Premio [39]  Yes NA 1 34%
E‘(())(])san FC Purocell 5 Yes NA 440 43%
Elcore 2400 [39, 41] Yes 9 0.3 33%
Panasonic [39, 42] Yes 20—-30 0.75 37% —40%
Inhouse 5000+ [43] Yes NA 1.5-5 34%
Toshiba [39] Yes 20—-30 0.7 35%
Tropical NG-5 [44] NO NA 5 NA
Viessmann [39, 45] Yes 36 0.75 39%
Eneos [42] Yes ggg 07 NA

Table 1: Examples of PEM Fuel cell energy systems available in the market or
in a pre-commercial stage in the power range 0-500 kW.

used together with a mechanical chiller, provide economical
benefits, with respect to business as usual scenario, for a wide
range of climatic conditions and for different users (e.g. com-
mercial, residential, or services) [36]. This is especially true if
the CHP plant is managed through an optimized control strat-
egy that maximize economical savings [36]. However, in some
cases, depending on the climate and on the primary energy fac-
tor and CO; emission factor of the electricity grid, the environ-
mental impact of such a power plant can be higher than in the
reference scenario [36].

In this study, to avoid such a drawback, we maximize the
thermal energy recovery throughout the whole year, by utiliz-
ing an absorption chiller. Accordingly, it could be possible to
reduce the CO- emissions, while increasing the fuel cell uti-
lization factor, also positively impacting the economic perfor-
mance.

Few works study the integration of an absorption chiller in a
low temperature PEMFC CHP systems [52]. However, a thor-
ough techno-economic analysis of such an innovative energy
system is still a relatively untapped topic.

We hypothesize that the plant satisfies the energy demand
of an apartment district in Europe. We selected this case among
those presented in [36] because its economic performance is
brilliant while the plant efficiency is less outstanding due to the
low heat demand during warm seasons.

The paper is organized as follows. The considered CHCP
system is presented in section 2. In section 3 we discuss the nu-
merical modeling of the power plant. In section 4 the principles
of the techno-economic analysis are presented. The results are
presented and discussed in section 5. Finally, in section 6, we
draw the conclusions of the work.

2. Problem statement

The aim of this paper is to assess the environmental and
economic impact of the integration of a half-effect absorption
chiller in a PEMFC based CHP plant.
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Figure 1: Schematic representation of the considered CHCP plant.

We study the low temperature PEMFC CHP system, repre-
sented in Figure 1, that is connected directly to the Natural Gas
(NG) line through a fuel processor [53—-55]. A CHP system
based on the same prime mover was already studied in [36, 53]
for different energy demands. Therein, it was evidenced that a
low heat demand during warm seasons reduces the FC utiliza-
tion and the plant efficiency. Herein, we evaluate the integration
within the plant of an half-effect absorption chiller [52], in or-
der to exploit the low grade heat also in warm months.

First, we retrieve the performance of the components of the
CHCEP plant, as a function of the set point through thermochem-
ical lumped parameter models (see section 3). Then, we study
the behavior of the resulting CHCP system in different energy
management scenarios [36]. To this aim, we compare the en-
ergy consumption and costs to a reference scenario where elec-
tricity is acquired from the distribution grid, heat is produced
within a NG boiler, and a mechanical chiller is used for cooling.
This scenario represents the state of the art of energy supply for
domestic users. We consider the energy demand of a typical
apartment district in 5 different climatic conditions (Cold, Heat-
ing Based, Moderate, Chilling Based, and Hot) in the European
energy context and we evaluate an optimized control strategy,
determined through a graph-based approach [56-59].

2.1. Fuel Cell Based CHCP Plant

The prime mover of the plant is an automotive derivative
PEMEFC system with nominal electrical power of 50 kW, whose
schematics are reported in Figure 2. The fuel cell has been
designed and produced by NuCellSys for the application in a
small series of the Mercedes-Benz B-Class F-Cell produced
from 2009. The FC based powertrain reliability has been demon-
strated within a test of more than 300.000 km of harsh driving
conditions on a single car. The automotive derivative PEMFC
system is made of the fuel cell and a control system that reg-
ulates hydrogen and oxygen flows according to the operating
conditions [50, 51].

The FC generates electricity and heat via the catalytic oxi-
dation of pure hydrogen. Its working temperature is 80 °C and
low grade heat can be recovered from the cooling circuit of the
bipolar plates (exchanger HTCOOL in Figure 2), and from the
cathodic exhaust (exchanger COG in Figure 2). The cogen-
eration heat is harvested through a water flow (Cogeneration in
Figure 2) that enters the heat recovery system at 60 °C. Two kW

of thermal power at 60 °C are wasted towards the environment
(exchanger LTCOOL in Figure 2). Such an heat flow is not con-
sidered for cogeneration because its low temperature does not
allow heat recovery.

air/mixtures Y
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Figure 2: PEMFC based CHP plant scheme.

The high purity Hs, necessary to feed the prime mover, is
generated from natural gas [60], available from the distribution
grid, through the fuel processor schematically depicted in Fig-
ure 3.
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Figure 3: PEMFC based CHP plant scheme, including fuel processing unit.

Such a fuel processor is based on three main elements: (i) Heat
Integrated Wall Reactor (HIWAR) [61, 62], (ii) water gas shift
reactor, (iii) pressure swing adsorption purification unit. The
HIWAR reactor is a compound reactor made of a NG burner
and a NG steam reformer. It is a tubular reactor where the inner
surface of each tube is coated with the combustion catalysts and
the outer surface with the reforming catalysts. In the inside of
the HIWAR tubes the catalytic combustion of natural gas, to-
gether with air and tail gases from the PSA unit, is performed
at ambient pressure and a temperature of 845 °C. The relatively
low combustion temperature limits the pollutants (i.e. NOy)
generation. The combustion is necessary to produce the heat
for the steam reforming that takes place at the outside of the



HIWAR tubes at 770 °C [14, 24, 63], and 12 bar [14, 64, 65].
The heat is produced very close to where it is needed, and the
heat transfer is very efficient through the metallic tube wall.
The reforming reaction produces a syngas mainly composed by
H,, CO9, and CO. The water gas shift reaction is performed
at 320 °C to shift the catalysts-poisoning CO into CO2, while
producing further hydrogen. Finally, the PSA purification unit
is necessary to separate the impurities from the syngas. In fact,
the low temperature automotive derivative PEMFC requires a
feeding flow made by 99.999% of hydrogen, according to SAE
J2719 [66].

All the other elements of the fuel processing plant are heat
exchangers, necessary for thermal integration, or auxiliaries used
to guarantee the right pressure levels. Relatively high temper-
ature heat is available from HE-4, HE-6, and CG-1 of the fuel
processing plant.

The cooling system studied is a HoO/LiBr half-effect ab-
sorption chiller [32, 33, 67, 68], whose Diihring schematic is
reported in Figure 4.
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Figure 4: Half-effect absorption chiller Diihring schematic.

The half-effect absorption chiller is a three pressure level
machine [67]. The low and high pressure levels are identical
to traditional single effect absorption chillers. The intermediate
pressure level generator produces refrigerant water vapor that is
absorbed in absorber 2. In generator 2 the HoO/LiBr solution
is heated again at high pressure to generate the refrigerant that
then flows in condenser, evaporator, and absorber 1, as usual.

The three pressure levels structure is similar to that of double-
effect absorption chillers. However, for half-effect machines
the two step absorption-compression-generation process is con-
ceived to exploit low grade heat, rather than high grade heat.
In fact, thanks to the intermediate pressure level the genera-
tors can operate at a temperature in the range [60 °C, 80 °C]
[32, 33, 67, 68]. Thermal energy in such a temperature range
would not be exploitable through a traditional single effect ab-
sorption chiller.

The COP of half-effect absorption chillers is lower than
the COP of single effect absorption chillers because the dou-
ble absorption-compression-generation process furnishes heat
twice in the generators, while there is a single useful effect in
the evaporator.

The generation of refrigerant vapor at low pressure is pos-
sible thanks to the properties of the HoO/LiBr solution. In fact,

given a certain generator temperature and solution mass flow
rate, the higher is the water concentration in the binary solu-
tion, the higher will be the mass flow rate of pure refrigerant
generated. In other terms, it is possible to obtain the same re-
frigerant mass flow rate, using a lower generator temperature,
with a solution richer in water. However, the maximum amount
of water that can be absorbed in LiBr is limited by its solubility
[69]. In addition, the refrigerant generation process is favored
by decreasing the working pressure.

The water concentration within the solution in absorber 1
(see Figure 4) is limited by the low pressure that, in turn, is
determined by the saturation pressure of the refrigerant at the
temperature of the evaporator. Anyway, in generator 1 a rea-
sonable refrigerant mass flow rate can be separated despite the
low temperature (60 °C < Ty ; < 80°C), thanks to the rela-
tively low pressure. In absorber 2 the water concentration in
the solution is incremented due to solubility increase with pres-
sure. For this reason in generator 2 it is possible to obtain a
good refrigerant generation, also at a relatively low generator
temperature (60 °C < Ty 2 < 80°C).

3. Numerical Modeling of the CHCP Plant

3.1. CHP plant modeling

We perform the steady-state characterization of the PEMFC
based CHP system with a thermo-chemical model, developed

following a lumped parameter approach within the AspenPlus®[70]

modeling environment. The thermal integration of the compo-
nents have been refined [54, 55] with respect to the prototype
studied in [53]. Specifically the heat exchanger surface area is
increased such that the pinch point temperature difference in
all elements is set to 10 °C, to increase the fuel processor effi-
ciency. As a consequence the electrical efficiency at nominal
power is increased up to 36.2 %.

We underline that Aspen Plus'¥ is a thermodynamic model-
ing software based on a lumped parameter approach. Thus, heat
exchangers are characterized using a logarithmic mean temper-
ature difference modeling that takes into account only input and
output conditions. However, the heat capacity can vary during
the heat exchange process, as a consequence of phase changes
of one or more species. In these situations, the constant heat
capacity assumption underlying the logarithmic mean temper-
ature difference approach is not longer valid and the thermal
resistance calculated by the software can be incorrect. Such a
wrong evaluation of the thermal resistance cause a wrong esti-
mation of the heat exchanged in off-design conditions. To over-
come this problem, we divide each heat exchanger in several
fictitious elements, as evidenced in Figure 5. The heat exchange
process is thus discretized in small sub-processes, in which the
heat capacity can be considered constant. The number of dis-
cretization steps is determined through a convergence analysis
based on the output enthalpy of hot and cold streams. As the
most critical case converges in 10 discretization steps, all the
heat exchangers are split in 10 elements.
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Figure 5: Discretization process for heat exchangers.

Through the model presented in section 3.1 we are able to
evaluate the overall electrical efficiency, defined as:
Pucrp

e, ()
mncLHVNG

Tel,CHP =

where PeLCHp is the CHP net electrical power, myg is the to-
tal natural gas mass flow entering in the energy system, and
LHVnG = 46.5MJ/kg is the lower heating value of the natu-
ral gas. In addition, we evaluate the thermal efficiency through
eq. (2). .

P cnp

— v (2)
mN(‘,LHVNG

Tth,CHP =
where Pth,CHp is the thermal power available via co-generation
from the CHP plant.

The efficiency values are functions of the plant set point,
that is defined as the ratio between the effective and the nominal
electrical power (see eq. (3)).

Pcpp = Pocur/P, el.CHP - )

where ng’é"HP = 50.0kW is the nominal electrical power, and

P, cup is the power outputs obtained by regulating the power
plant.

3.2. Absorption chiller modeling
We model also the half-effect absorption chiller within the

AspenPlus®[70] environment. Despite several modeling method-

ologies are available for this kind of study, such as ABSIM
[71, 72] and Engineering Equation Solver (EES)[68, 73-76],
AspenPlus® was chosen due to its widely tested reliability and
to its profitable usage in several recent works [52, 77] regarding
absorption chillers. Moreover, such an approach has been vali-
dated with results provided by others simulation environments,
such as EES [77].

Due to the low pressure of the water/lithium bromide so-
lution, we compute the thermodynamic properties of working
fluids through the activity coefficient method. Specifically, we
use the Redlich-Kwong equation of state [78] for the vapor-
phase properties together with the Non-Random Two Liquid
(NRTL) model [79] for the liquid solution. Such an approach
is implemented in AspenPlus® within the ELECNRTL prop-
erty method. In addition, for pure water streams, the steamNBS
tables implemented in AspenPlus® are used [80].

We assume that the water exiting the condenser is saturated
liquid. Such a parameter can be easily controlled by varying
the heat wasted towards the environment, for example through

a variable speed fan. Moreover, we assume that the refrig-
erant just outside the evaporator is saturated vapor. The two
absorbers and the condenser are considered surrounded by the
same ambient temperature, that in design conditions, is consid-
ered T,y = 30°C. To guarantee an effective heat exchange,
such elements are operated at T, ; = T, 2 = T, = 35°C. As a
consequence, their pressure is p"#" = 5.80 kPa. For off-design
environmental conditions p"&" is varied according to the tem-
perature variation.

We assume that the cooling fluid is released to the user at
Tys = 10°C. Such an assumption implies that the evaporator is
operated at a temperature 7. = 5 °C. To obtain evaporation at
such a temperature, the lower level pressure is fixed to p'°¥ =
0.873 kPa.

We consider the intermediate pressure level at p™ = 2.00 kPa.
Such a value is commonly recognized to be the best trade-off to
increase the overall performance [52, 76, 77].

Given the temperature, T, ; = T,2 = 35°C, and pres-
sure at both low and intermediate aborbers, it is possible to
determine the minimum lithium bromide concentration neces-
sary to absorb all the refrigerant [69]. In absorber 1 we obtain
2% = 56.0 % mass fraction, while at the intermediate pres-
sure level we get 2", = 46.0 %.

The expansions in the valves are isoenthalpic processes.

We model the generators utilizing two elements: a heat ex-
changer and a flash separator (see Figure 6).

Generator or Generator 2

To Absorber 2
or Condenser

Flash separator

From thermal

storage
To Absorber
or Absorber 2
Heat Exchanger
Back to
thermal storage A
From HX1
or HX2

Figure 6: Modeling scheme of the generators.

The condenser, the evaporator, and the two absorbers are
modeled as single flux heat exchanger where just the output de-
sired conditions are specified. In fact, in the real chiller the
H>O/LiBr solution exchanges heat with external air in these el-
ements. Then, the air flow can be regulated with an adjustable
speed fan. As a consequence, the output desired conditions
can be accomplished for every working condition. Pumps and
valves are also modeled with built-in AspenPlus® functions.



The solution mass flow rates in the lower pressure level cir-
cuit is manipulated in order to guarantee a constant generator
temperature T, 1 = 70 °C, also at part load. The mass flow rate
of the refrigerant generated in generator 2 and in generator 1 is
the same to guarantee the mass balance of the low pressure cir-
cuit. Such a condition is obtained by varying the solution mass
flow rate in the high pressure cycle.

The absorption chiller is sized to use, at full load, all the heat
produced from the fuel cell in nominal conditions. Accordingly,
a nominal cooling power of 29.5 kW is obtained.

Counter current heat exchangers are used for HX1, HX2,
and for generator 1 and generator 2. Such elements are studied
through the logarithmic mean temperature difference approach.
An accurate modeling of the off-design performance is consid-
ered, since the thermal resistance varies as a function of the
pure hydrogen mass flow produced that is the main parameter
for sensitivity analyses. The product of heat exchange coeffi-
cient U* and area A is calculated under design conditions as
[81]: .

UA= Q/ATmh 4)

where Q is the thermal power and ATy, the logarithmic mean
temperature difference. Both Q and AT,, are known because
we know the inlet conditions and mass flows, and we set output
conditions, assuming a pinch point temperature difference of
5°C.
When mass flow rates change, the thermal resistance is cal-
culated as:
UA=U*A(n/m*)"®, (5)

where 1 and m* are the mass flow rates in off-design and de-
sign conditions, respectively. When ri/ri* is different for the
hot and the cold side of the heat exchanger, the mass flow with
the lower heat transfer coefficient is considered in eq. (5).

To calculate the performance of the half-effect absorption
chiller in off-design we vary the cogenerated mass flow rate
that guarantees heat to the generators. In this case, the main
performance indicator is the coefficient of performance:

_ P, co,AC
Tlco, AC = —=

Qg,l + Qg,Z ’

where PCO,AC = Qe is the cooling power generated in the evapo-
rator. QgJ and Qg,g are the thermal power required respectively
in low and high pressure generators: generator 1 and genera-
tor 2 in Figure 4. We represent the results as functions of the
following cooling set point:

Dpc = Peonc/ P, (7

(6

where PC“O‘KC = 29.5kW is the nominal cooling power, and

P ac the power obtained by regulating the absorption chiller.

4. Techno-economic analysis

4.1. Power Plant configurations

To evaluate the impact of thermally driven refrigeration on
the CHP plant performance, we compare the three main plant
configurations, summarized in Table 2.

Reference Case A Case B
CHP Plant X v v
Absorption Chiller X X v
Mechanical Chiller v v v

Table 2: Power plant configurations analyzed.

Specifically, we study the reference scenario where elec-
tricity is brought from the distribution grid, heat is produced
through a NG boiler and a mechanical chiller is used to sat-
isfy the cooling load. In Case A, we consider the CHP system
in study together with the mechanical chiller. Finally, Case B
power plant utilizes the half-effect absorption chiller added to
Case A energy system.

The mechanical chiller and the boiler are always present
and sized to satisfy the peak demand of each case. The fuel cell
CHP based system has a nominal power of 50 kW.

Also in Case B the mechanical chiller is able to fulfill the
peak cooling demand to maximize the plant flexibility. The
thermal storage is always considered and has the same power
of the fuel boiler and it has a capacity equivalent to three hours
of peak demand.

Figure 7 reports the performance of the mechanical chiller
and of the fuel boiler as functions of the set point. Data are re-
trieved from literature [82]. The efficiency curves of the FC and
of the absorption chiller will be reported in section 5, together
with the other modeling results.
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Figure 7: Efficiency curve of the water boiler (a) and coefficient of perfor-
mance curve of the mechanical chiller (b) as functions of the energy converter
set point.

4.2. Determination of the control strategy

The operating efficiency of any power plant is largely de-
termined by its control strategy, as highlighted, for instance, in
[12, 56,58, 82-86]. Thereafter, we compare the performance of
the different configurations assuming a smart management pol-
icy that minimizes the total energy cost. The control strategy is



determined through the optimization methodology introduced
in [56], and further developed in [57-59]. Such a methodol-
ogy minimizes a prescribed objective function on a daily basis
accounting for: (i) the design performance of all the subsys-
tems; (ii) the derating of the performance at part load; (iii) the
effects of environmental conditions; (iv) energy demand and
costs as functions of time; (v) maintenance, and cold start costs;
(vi) constraints related to the dynamic behavior of the equip-
ment, such as the minimum time interval between two consec-
utive starts or shutdowns.

All the energy converters are modeled as black-boxes, through
their efficiency curves as functions of the set point and the envi-
ronmental conditions. Specifically, the power output of the j-th
subsystem at time ¢ is calculated as:

Py j(t) = @;(t) P a (1),
where ®;(¢) is the set point, Pfgm is the design power, and
«; ;(t) is the power derating coefficient, that is function of the
environmental temperature, pressure, and altitude. Note that ¢
can assume a value in the set [el; th; co], representing respec-
tively electric, heating, and cooling power output. The corre-
sponding required input power is:

_ P ;(t)

1.5 (®; ()B4 (t)
where 7; ;(®;(t)) is the efficiency, and §; ;(¢) is the efficiency
derating coefficient, that is function of the environmental tem-
perature, pressure, and altitude. Note that the problem is non-
linear, since the efficiency is a function of ®;(¢).

Economic optimization is performed through the following
objective function:

®)

) ©)

8760
Geost = Y Crlt,s(t)) + Com(t, s(t))+

~ (10)
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being ¢ the time interval, C'y the cost of fuel, C), the mainte-
nance cost, C's the cold-start cost, and R the revenue/cost yield-
ing from the electricity exchanged with the grid. Costs are func-
tions of the time interval and the plant state (i.e. the set point of
the subsystems) s(t).

Equation (10) is subject to constraints related to the energy
flows and to the dynamic behavior of the plant subsystems. The
thermal power balance for each time interval reads:

O =Y Pani(t) + Pnst(t) >0 Vt,  (1D)
J

where P5(t) is the thermal power demand, 3 ; Py, j(t) is the
heating power produced by the energy converters within the
plant, and Pth’st (t) is the the thermal power of the heat storage.
Note that, PYS(t) and 3 i Py, j(t) are positive, while Py, o (t)
is positive when the system is storing energy and negative when
it is releasing the heat. The cooling power balance for each time
interval reads:

P(;los(t) - cho}j(t) 2 0 WVt (12)
J

being PUS(t) and 3 y P., j(t) the cooling power demand and
production respectively. The following system of equations
represents the constraint related to the dynamic behavior of the
subsystems:
lij(t)<TJ*and(I)](t71)>0 *)‘bj(t)>0 (13)
1f0](t) < g;k and q)j(t — ].) =0 — q)](t) =0,

where t is the time interval, ®;(t) is the set point of the j-th
energy system, 7; is the time spent since the last cold start, and
75 is the minimum time interval between two consecutive cold
starts. Similarly, 6;(¢) is the time spent since the last shut down
and 67 is the minimum time interval between two consecutive
shut downs.

Equation (10) is discretized with respect to the plant state
and in time, and the problem is represented as a weighted and
oriented graph. The optimal control strategy is determined by
seeking for the shortest path across the graph. The reader can
refer to [56-59] for more details on the optimization methodol-

ogy.

4.3. Economic analysis

Thanks to the control strategy optimization we determine
the set point of each component of the energy system for each
time-step. Then, we can calculate the cash-flow associated to
the energy system, thatis C' = min(Gcost ). As a consequence,
we don not need to include the investment cost in the cost of en-
ergy, as usually done considering the Levelized Cost Of Energy
(LCOE). In fact, we can compare the investment cost directly
with the cash flow of the energy system. Also, we avoid assum-
ing the utilization factor, as usually done when considering the
LCOE analysis.

As a consequence, we can evaluate the economic feasibility
of Case A and Case B power plants through the pay-back period
(i.e.the time in which the total savings are equal to the initial
investment), calculated as:

I add

PBP = ¢
C’ref -C

(14)
where I,4q is the difference between the capital cost of the con-
sidered case and of the reference scenario, Cr is the annual
energy cost of the reference case and C'is the annual cost of the
analyzed case. For Case A, 44 accounts only for the cost of the
PEMEFC based CHP system, while for Case B it also considers
the cost of the absorption chiller. In fact, the mechanical chiller,
the water boiler and the thermal storage are present also in the
reference case and do not represent an additional investment.

We consider an investment of 2000 €/kW for the automo-
tive derivative PEMFC CHP plant, according to the European
project AutoRE target [50, 51]. Moreover, for the half-effect
absorption chiller we consider a unit cost of 1200 €/kW. This is
a typical cost for double-effect absorption chillers. Half-effect
machines are not in the commercial phase, however we assume
that the cost of such devices is similar to that of double-effect
absorption chillers, given the structure with three pressure lev-
els that implies two generators, two absorbers, two pumps, and
two solution heat exchangers.



4.4. Environmental impact evaluation

Carbon dioxide emissions are calculated through the fol-
lowing equation,

Ntyel
meo, = Z (mik:) + Egriakgria (15)

i=1

where Ny is the number of different fuels utilized in the plant,
m; is the mass of the i—th fuel, k; is its COy emission factor,
Egyiq is the electrical energy exchanged with the grid, and kgriq
is the carbon dioxide intensity of the grid.

4.5. Energy demand

The US Department of Energy (DOE) published the “com-
mercial reference buildings” database [87], where the hourly
electricity, heat, and chilling energy demand profiles are re-
ported for 16 different commercial reference buildings. Each
structure is situated in more than 1000 locations (that represents
different climatic conditions) in all the US. Data are available
for an entire year.

The International Energy Agency (IEA) divided the entire
world in 6 different climatic zones [36, 88]: (i) cold climate,
(ii) heating based climate; (iii) combined climate; (iv) moderate
climate; (v) cooling based climate; (vi) hot climate. Such a
classification relies on the yearly Heating Degrees Days (HDD)
and Cooling Degrees Days (CDD), as summarized in Table 3.
Note that the reference temperature is 18°C for both CDD and
HDD.

Climatic Zone HDD [°C] CDD [°C] City

Cold > 2000 < 500 Warsaw (Poland)
Heating Based > 2000 [500, 1000] Milan (Italy)
Moderate < 2000 < 1000 Malaga (Spain)
Chilling Based | [1000,2000] > 1000 Athens (Greece)
Hot < 1000 > 1000 Larnaca (Cyprus)

Table 3: Heating and cooling degrees days and representative city for each IEA
climatic zone [88].

For clarity, we report in Table 3 an example of a European
city for each climatic zone. Note that combined climate is not
representative of any European territory, therefore we decided
to neglect it.

The residential building that we consider is composed by
about 10-15 apartments. Peak and average electrical, thermal,
and chilling demands are represented in Figure 8, for each cli-
matic zone. The electricity load is only marginally influenced
by the location of the plant. On the contrary, heat and cool-
ing demands are significantly influenced by the climatic zone.
By comparing Table 3 and Figure 8, we note that for thermal
and cooling demands, the difference between average and peak
demand rises as the degrees day increase.

We sithetically characterize the energy demand through the
cooling to power ratio O, defined as:

Ech
Ecl ’
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Figure 8: Average and peak electricity demand for all the combinations of
climatic condition and building energy demands.

and the heat to power ratio {2:

_ Ey
0="7". (17

Therein E.y, Etp, and Eg are the total early consumption of
cooling, heating, and electrical energy.
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Figure 9: Cooling and heat to power ratios of the energy scenarios studied.
The red vertical line is the heat to power ratio of the CHP system, calculated
with nominal powers. The blue horizontal line is the cooling to power ratio,
calculated with nominal power of the fuel cell and of the absorption chiller.

Figure 9 classifies the considered case studies with respect
to © and 2. The red vertical line represents the ratio between
the nominal thermal and electrical power of the CHP system.
Since O is below that boundary for all the climates, follow-
ing the thermal tracking plant control strategy would result in
a large import of electricity, in particular for moderate, chill-
ing based, and hot climatic zones. On the other hand, through
the electrical tracking a significant amount of heat would be
wasted. Thereafter, there is a large opportunity to exploit the
waste heat through thermally driven refrigeration (as in Case
B), to boost the CHP performance.

Similarly, the blue horizontal line in Figure 9 represents
the ratio between the nominal cooling power of the absorption
chiller and the nominal power of the CHP. We note that the ab-
sorption chiller can deliver the required cooling energy for the
cold, heating based, and moderate climate. On the contrary, for



cooling based and hot conditions an integration from the me-
chanical chiller is required.

Figure 9 also shows that © and ) are strongly influenced by
the climatic zone. In fact, moving from hot to cold climate ©
decreases, while (2 increases. All the cases are almost arranged
along a straight line with negative slope except for the moderate
climate that is characterized by very low thermal and cooling
demands (see Figure 8).

Finally, it is worth to note that the yearly environmental
temperature profile is necessary to evaluate the performance de-
rating of the absorption chiller. Such a value is retrieved from
the European commission joint research center [89] for each
city reported in Table 3.

4.6. Energy prices and grid emission factors

The optimization methodology requires the prices of the en-
ergy vectors entering and exiting the power plant. Electricity is
the only form of energy product of the CHCP plant that can
be acquired from or sold in the external grid. However, we
consider that the electricity sold to the grid is not remunerated.
Such an assumption is necessary in order to perform a general
study. In fact, electricity remuneration from small Distributed
Generation (DG) plants, largely relies on national subsidiary
mechanisms. We underline that this is a conservative assump-
tion that underestimates the economic profitability of the pro-
posed power plant. Natural gas is the other possible input en-
ergy source to the plant.

Electricity and NG prices are retrieved from the Eurostat
database [90], assuming an average value between the two se-
mesters of 2016 for house-holds consumers category. All taxes
and levies are included. Tables 4 and 5 report all the unit energy
costs as a function of the total yearly consumption. We assume
constant unit costs on a daily and yearly basis.

Electricity [c€/kWh]

Band Band Band Band Band
DA DB DC DD DE
Poland | 16.4 14.2 13.4 12.8 12.7

Italy 31.6 21.7 23.8 27.6 27.5
Spain | 51.3 27.3 22.3 19.6 17.2
Greece | 23.4 17.2 17.2 17.8 19.0
Cyprus | 19.1 15.7 15.7 154 14.8
EUss | 33.3 22.6 20.5 19.4 18.5

Table 4: electrical energy costs utilized for the different scenarios [90]. Band
DA stands for yearly electrical energy consumption Cons.€ < 103 kWh; Band
DB for 10% kWh < Cons.?" < 2.5x 10% kWh; Band DC for 2.5 x 103 kWh <
Cons.® < 5 x 103 kWh; Band DD for 5 x 103kWh < Cons.t" < 1.5 x
10* kWh; Band DE for Cons.®" > 1.5 x 10% kWh.

To compare the environmental performance of the several
cases we consider the natural gas carbon dioxide emission fac-
tor kng = 0.200 kg/kWh [91]. Table 6 summarizes the carbon
dioxide emission factors of the electricity available from the
distribution grid for the different national scenarios. Data are
retrieved from [92].

Note that assuming the energy consumption retrieved for
US buildings [87] valid in a European energy context [90, 92]

Natural Gas [€/GJ]
Band Band Band
D1 D2 D3
Poland | 15.2 11.6 10.4
Italy 30.2 21.8 19.6
Spain | 27.1 21.3 15.9
Greece | 23.6 16.9 15.1
Cyprus | 8.99 8.84 8.80
EUss | 26.8 17.5 15.6

Table 5: Natural Gas prices utilized for the different scenarios [90]. Band
D1 stands for yearly natural gas consumption Cons.NG < 20 GJ; Band D2 for
20 GJ < Cons.N® < 200 GJ; Band D3 for Cons.NC > 200 GJ.

Scenario | Kgiq [kg/kWh]
Poland 0.767
Italy 0.980
Spain 0.431
Greece 0.810
Cyprus 0.341
EUsg 0.447

Table 6: Carbon dioxide emission factors of the electricity available from the
distribution grid for the several national scenario analyzed, data are retrieved
from [92].

entails that the buildings occupants have similar behavior in
the two geographic regions. Moreover, we implicitly consider
the same technological level in home appliances and building
construction. Such assumptions can be considered reasonable,
given the comparable economic development level of these two
regions.

5. Results and discussion

5.1. Power Plant Modeling

5.1.1. CHP Plant

Results obtained from the sensitivity analysis to ®cyp of
the CHP plant are reported in Figure 10. Note that the minimum
possible set point is P2, = 55.3 %, according to limitations of
the fuel processor, verified in experimental data of a real CHP
plant under development within a European project [50, 51].

We note that the overall electrical efficiency ranges between
36.1% and 40.0%, as a function of the set point, reaching its
maximum at part load due to the fuel cell polarization curve
[13, 14, 53].

In this model we assume that the natural gas from the dis-
tribution grid is already at 12 bar (or more), that is the operat-
ing pressure of the fuel processor. Considering the distribution
pressure equal to 1bar would reduce the electrical efficiency
(due to the NG compressor work) by 1.19 %. In real conditions
NG is delivered with a pressure 1 bar < pNG < 12bar, leading
to an efficiency close to that here considered.

Thermal efficiency (Figure 10 (b)) values are in the range
49.4% < mmcup < 60.2 %. The efficiency increases increas-
ing the set point, as a consequence of the reduction of 7 cyp.
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Figure 10: Efficiency of the CHP power plant as functions of the power set
point: (a) Overall electrical efficiency; (b) Thermal efficiency.

Such a phenomenon is more evident for ®cpp > 0.800. In this
working regimen the electrical efficiency has a sharp decrease,
due to ohmic and concentration losses.

The water temperature at the inlet of the CHP plant, (i.e.
coming from the thermal storage) is set to 60° C, in line with
the typical return temperature of domestic heating applications.
Also the half-effect absorption chiller releases water at the same
temperature. The resulting mass flow rate and cogenerated wa-
ter temperature are reported in Figure 11 as functions of ®cyp.
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Figure 11: Cogenerated outlet flow characteristics: (a) mass flow rate (b) tem-
perature.

The temperature values reported in Figure 11 are in line
with domestic heating purposes. In fact, such applications re-
quire in most common appliances hot water at a temperature in
the range [45° C — 75° C]. Moreover, the half-effect absorp-
tion chiller operates with a temperature of the generators equal
to 70° C.

5.1.2. Absorption Chiller
Figure 12 shows that the COP varies in the range [0.400,
0.430] as a function of ®oc. The COP variation is moderate be-
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Figure 12: Half-effect absorption chiller coefficient of performance as a func-
tion of the set point.

cause the generators temperature is kept constant while varying
®ac. However, we note that the obtained nominal efficiency is
in line with several results available in literature [52, 76].

Moreover, we comment that the COP value of the half ef-
fect absorption chiller it is considerably lower than the COP
of a single effect absorption chiller or of a vapor compression
chiller. However, we comment that only with the half-effect
absorption chiller is possible to generate cooling energy effect
from the low temperature heat of a PEMFC CHP system. As
a consequence, we are able to recover an amount of heat that
would otherwise be wasted in the environment. Thus, the uti-
lization of absorption chillers reduces the cost of the rejection
of heat to the environment.

Environmental conditions also significantly influence the
power and COP of the absorption chiller as evidenced in Fig-
ure 13. In this case, the most relevant environmental variable is
the temperature (7). In fact, it influences both the condenser
pressure and the LiBr concentration in the the low pressure ab-
sorber (absorber 1). These two parameters affects the refriger-
ant separation in the generators and the cooling power and the
coefficient of performance of the device.

For temperatures higher than 30 °C the maximum power is
dramatically reduced. At 35 °C the maximum cooling power is
halved compared to T¢,y, = 30°C. For 20°C < T¢,y < 30°C
the nominal cooling power is almost constant.

If temperature is increased from 20 °C to 35 °C, the COP is
reduced by 10 %.

Note that the the absorbers and condeser temperatures are
5 °C higher than T¢,, reported in Figure 13 (see section 3).

5.2. Economic and environmental performance in realistic sce-
narios

Here, we report the most representative and synthetic pa-
rameters, resulting from the CHCP plant simulation in real en-
ergy management scenarios. Specifically, we focus on the yearly
total energy cost (accounting for all energy vectors), together
with the annual total CO5 emissions, and finally the Utilization
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Figure 13: Half-effect absorption chiller power and COP derating, as func-
tions of environmental temperature. Nominal conditions for Teny = 35 °C.
Absorbers and condenser temperatures are 5 °C higher than Tepy .

Factors (UFs) of the components of the power plant. Figure 14
reports the results obtained considering the real energy context
of each country representative of a climatic zone (see Tables 3,
4,5, and 6). Figure 15 is obtained considering the average Eu-
ropean energy context (see Tables 4, 5, and 6). Such a twofold
analysis is necessary because, in Figure 14, we can analyze a
real example of the adoption of a distributed generation system.
On the contrary Figure 15 reports general results, valid for all
Europe.

Both economical and environmental aspects are relevant for
a distributed generation power plant. In fact, the economical
convenience drives the investments towards innovative energy
systems. However, our aim is to propose a CHCP system that
can be effective both in economic and environmental terms.

Figure 14 (a) highlights the drastic cost reduction associ-
ated to the CHP plant (Case A) with respect to the reference
scenario. Such advantages are further boosted when the ab-
sorption chiller is used (Case B). The economic savings are a
function of the climatic zone and of the energy context, that,
in turn, influence the energy loads and prices. For Case A the
cost reductions, with respect to the reference case, are between
9.66 k€ and 33.9k€ per year. On the other hand, for Case B
the cost reduction varies in the range [12.8 k€, 37.2 k€] with
respect to the reference scenario. As expected, Case B always
reduces the energy cost compared to Case A. In particular, the
hot climate yields the most relevant difference with a 8.30 %
reduction of the energy cost.

Case A reduces the CO5 emission for all the climates except
for the moderate one (Figure 14 (b)). In the latter case, CO,
emissions are increased by 17.6 %. In all the other climates the
CO, emissions reductions, with respect to the reference case,
are between 16.0t and 164 t per year. Case B further reduces the
carbon dioxide emissions. Specifically, CO- reduction ranges
between -8.89t (for moderate climate) and 171t (for cold cli-
mate). Case B always reduces carbon emissions with respect to
case A.

The utilization factor of the CHP system is always higher
than 50 %, except for the moderate climatic zone. In fact, in
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such a climate the thermal and cooling loads are relatively low,
leading to poor utilization of the CHP system. This, together
with the low grid CO2 emission factor of Spain (see Table 6),
leads also to the negative environmental performance of the
power plant in the moderate climatic zone.

Moreover, the adoption of the absorption chiller lowers the
utilization factor of the FC because it reduces the electrical de-
mand while increasing the recovery of the waste heat from the
prime mover. Thereafter, the same useful effect is obtained with
less fuel and power plant utilization.

Finally, we note that the CHP utilization factor rises increas-
ing the cooling degrees days, that is passing from cold to hot
climatic zones.

Figure 14 (d) evidences that the usage of the CHP power
plant dramatically reduces the boiler utilization factor. In fact,
such a component is practically useless if a distributed gener-
ation plant is utilized, for all climatic zones except for colder
ones.

In Table 7 we present the global performance of the differ-
ent power plant configurations in the case of hot climate and
considering the real energy context.

Reference Case A Case B
Total energy cost [k€] 49.7 27.5 23.4
CO4 emissions [t] 274 168 134
CHP utilization factor / 0.714 0.635
Boiler utilization factor 0.173 0.000 0.000

Table 7: Global performance of the different power plant configurations in the
case of hot climate and considering the real energy context.

The results reported in Figure 14 combines the different cli-
matic conditions to the national energy costs. However, the
same climate might apply different country. Figure 15 is more
general and allows studying the proposed energy systems in a
European energy context. Specifically, given the same energy
costs, we can dissect the influence of the climatic conditions
on the general results. We observe again that Case A signif-
icantly reduces the energy cost with respect to the reference
case (see Figure 15 (a)). Specifically, the revenues (or equiva-
lently avoided costs) range from 13.0k€ and 18.8 k€. Using
the absorption chiller further reduces the costs by 16.1k€ in
the worst case (i.e. moderate climate), and by 22.7 k€ in best
case (i.e. hot climate).

Figure 15 (b) highlight that, in the average European energy
scenario, Case B always reduces the CO5 emissions irrespective
of the climatic condition. On the contrary, Case A increases
carbon dioxide emissions for hot climates. Using the CHP plant
together with the mechanical chiller we obtain CO5 emissions
reductions between -2.34 t and 30.1 t per year. The usage of the
absorption chiller increases environmental benefits, with CO,
emissions reductions in the range [14.7t, 34.6t].

We comment that in Case A and Case B the total energy
cost is lower than the Reference case total energy cost for ev-
ery climatic condition and energy context analyzed, as a con-
sequence of the CHP system adoption. Such a result is strictly
connected to the possibility to recover heat in the CHP system
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Figure 14: Global performance of the different power plant configurations within the real energy context: (a) total energy cost; (b) CO2 emissions; (c) CHP

utilization factor; (d) Boiler utilization factor.
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Figure 15: Global performance of the different power plant configurations within the mean European energy context: (a) total energy cost; (b) CO2 emissions; (c)

CHP utilization factor; (d) Boiler utilization factor.

while producing electricity. Accordingly, the cost of natural gas
necessary to satisfy the thermal energy demand is drastically re-
duced. Moreover, the relatively high efficiency, in particular at
part load, of the fuel cell system makes the cost of electricity
produced competitive with that of the electricity bought from
the grid. In fact, considering 7e;cup = 0.36 the cost of NG to
produce electricity with the CHP varies in the range [8.8, 19.6]
c€/kWhg as function of the NG prices in Table 5, considering
that the consumption of NG is larger than 200 GJ/year. Such
costs are lower, or at least comparable with those reported in
Table 4 for electricity from the grid.
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In this work we are investigating the influence of the intro-
duction of an absorption chiller in a CHP system. The impor-
tance of such a device is strictly related to the cooling loads. For
this reason, we expect a seasonal trend in the impact on global
parameters. Figure 16 (a) reports, the total energy cost associ-
ated to the different power plant configurations on a monthly
basis for the hot climate case and assuming the energy costs
and efficiencies of Cyprus. We comment that, irrespective of
the energy system configuration, energy costs are higher in the
hot months, due to the higher cooling demand. In addition, the
power plant accounting for the absorption chiller has always the



best economic performance. Similar trends are observed also
for chilling based climate, considering Greek energy context.

To isolate the absorption chiller effect, we focus on the en-
ergy cost difference between the Case A and Case B (Figure
16 (b)). The savings, related to the thermally activated cooling
machine, are minimum of in February (0.259 k€) and are max-
imized in August, reaching 0.486k€. The absorption chiller
reduces the energy cost also in winter months. This happens
because in the hot climate a chilling load is always present, also
during the cold months of the year [87].

Figure 17 represents the techno-economic performance of
the different plant configurations by reporting the relative cost
variation on the abscissa, the relative CO reduction on the ver-
tical axis and the radius of the circles is proportional to the PBP,
calculated as described in section 4.3.

Considering the real energy context (see Figure 17 (a)) we
obtain, for the Case A, a pay back period comprised between 3
years for heating based climate and 11 years for moderate cli-
mate. Such a variation is mainly due to the different energy
costs relative to the different countries. In fact, considering the
average European energy context (Figure 17 (b)) the PBP varies
in the range [6 years, 8 years] for Case A, demonstrating that
NG and electricity unit costs dominates the PBP variation with
respect to the climate. In Case B power plants PBP is almost
always 1 year higher than the Case A situation. In fact, despite
the higher economic savings (see Figures 14 and 15), the cap-
ital cost of the absorption chiller is dominant. We comment,
however, that the cost of the absorption chillers is rapidly de-
creasing, as a result of the technology diffusion and mass pro-
duction.

Herein, we make a conservative estimation of revenues and
PBP. In fact, we do not remunerate the excess electricity and we
discard incentives to distributed generation. Moreover, the high
reduction of CO4 emissions, registered in most of the analyzed
cases, could generate further subsidiary mechanisms.

Focusing on the real energy context (see Figure 17 (a)) we
obtain a cost reduction between 20.6 % and 44.7 % for Case A,
and in the range [27.3 %, 53.0 %] for Case B. In the same sce-
nario CO5 reduction varies between -17.6 % and 56.8 % using
the mechanical chiller and in the range [-8.85 %, 59.3 %] for the
Case B. We comment that for every climatic zone the adoption
of the absorption chiller improves both economic and environ-
mental performance. In fact, in Figure 17 the spheres related
to Case B are always in the north-east with respect to Case A.
The negative value of CO, emissions reduction registered for
the moderate climatic condition in the real energy context is a
consequence of the low thermal energy demand of the moder-
ate climate (see the 2 ratio in Figure 9) and of the low grid
electricity emission factor (see Table 6). On the other hand, the
large CO- emissions reduction associated to the cold climate
(see Figure 17 (a)) is due to the high grid emission factor and
high € ratio (see Table 6 and Figure 9). In Figure 17 (b) the
cost reduction is between 25.6 % and 31.26 % for Case A, and
in the range [27.3 %, 53.0 %] for Case B. Moreover, the carbon-
dioxide emissions varies from -1.47 % to 18.2 % in Case A and
from 11.6 % to 20.9 % in Case B. We note that the use of the
absorption chiller allows a significant increase of the CO5 emis-
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sion reduction, especially for the minimum values. In fact, in
Case B the lowest CO; reduction is more than 13 percentage
points higher, compared to the lower environmental performing
situation in Case A. Finally, within the EUsg scenario and with
the absorption chiller, a positive CO2 emissions reduction is
achieved for all climatic zones. On the contrary, a positive cost
reduction is registered for all power power plant configurations,
in every climatic zone and in every energy context.

The energy context can influence economic and environ-
mental performance also within the same climatic zone. For
example, for case A combining hot climate and Cyprus energy
costs yields the best economic performance, with a 44.7 % cost
reduction. However, in the EUyg scenario, the last cited case is
the worst performing, accounting for the lowest cost reduction
(25.6 %). Such a drastic difference is mainly related to the dra-
matically low natural gas price for hot climate reference coun-
try. In fact, the ratio between the mean NG price for Cyprus and

for EUsg scenarios is @ﬁé"“‘s /Costue™ = 0.445. Similarly,
the CO; reduction, in the real energy context, for the Case A in
hot climate is of 39.0 % while in the EUsg context such a vari-
ation is -1.47 %. Such a behavior is surely related to the ratio
between the Cyprus and the mean EUgg kgig that is 0.763.

Case B has an impressive performance for the hot climate
and assuming the real energy context. In this case both cost
and CO, emissions reductions are greater than 50 % (53.0 %
and 51.1 %, respectively). This can be considered a promising
application scenario for the coherence between economic and
environmental drivers.

We conclude summarizing that, if the real energy context is
evaluated, the adoption of the PEMFC based CHP power plant
can be considered a viable solution, in economic and environ-
mental terms, for all cases except the moderate climatic condi-
tion. When the CHCP system is used, CO5 emissions and costs
reductions are improved for all cases. However, the moderate
climate is still a non-fertile soil of application, mostly for the
negative environmental performance. In this case the absorp-
tion chiller usage is not effective because the cooling energy
demand is not consistent.

Considering the average European scenario, the CHP power
plant can be considered a good option only for cold and heating
based climatic zones. On the other hand, the adoption of the
CHCP power plant is effective for all climatic conditions.

Finally, we note that the half-effect absorption chiller with
a COP of 0.4 is competitive with the mechanical chiller with
a COP of 4: despite the low utilization factor the investment
cost is recovered in reasonable time. We comment that the half-
effect machine has a low COP, but it uses thermal energy that
would be otherwise wasted in summer months. The mechanical
chiller produces a cooling power 4 times higher than the input
electrical power. But, the electricity has to be produced, or ac-
quired. Moreover, the investment can be recovered relatively
easily, also because the absorption chiller is not sized to cover
the peak cooling demand, but its nominal power is 29.5 kW.



(a) Total energy cost

(b) Case A - Case B cost

6 : :

. . . . . .
Reference Case A == Case B

Cost [k€]

Month

Cost difference [k€]

0.5 T T T T T

0.4

e
o

e
¥

Month

Figure 16: Global performance of the of the different power plant configurations on a monthly basis for the hot climatic condition within the real energy context:
(a) total energy cost; (b) total energy cost difference between the FC_ and Case B plant configurations.

(a) Real energy context results comparison

80 - T T |
60 |- N |
S - [ 6 )
X 6 \ /
= 40 | ﬂ/ 5 \\ S— —a |
g N
S
?3) 20 7 B
[~ 3
o 0 B
8 11
—20 |- 11 B
—40 |- | | ‘ | i
20 30 40 50 60
Cost Reduction [%]
@Cold ()Heating based

CO5 Reduction [%]

Moderate

(b) European mean energy context results comparison

30 T T T T T T

20

10

6

~10 I I I | I I
24 30 32 34 36

Cost Reduction [%]

38

Chilling based @Hot

@Case A ©Case B

Figure 17: Comparison between the different climatic zones optimization results: (a) real energy context; (b) European mean energy context. The coordinates of
the center of the circles represents the cost and the CO2 emissions reductions. The radius of the circles is proportional to the PBP. The value of the pay back period

is also reported in the center of the circles.

6. Conclusions

In this paper we assess the environmental and economic
impact of the integration of a half-effect absorption chiller in
a 50kW automotive derivative PEMFC based CHP plant. We

first study the performance of the power plant components through

thermo-chemical models. Specifically, we further refine a pre-
viously studied and validated model [36, 53-55] for the CHP
plant, enhancing thermal integration for both heat of process
and cogeneration. In addition, we develop a thermo-chemical
model for the half-effect absorption chiller, following a vali-
dated methodology [52, 77].

These data are the main input for the second phase of the
work, that is the techno-economic analysis. Therein, we assess
the effective economic and environmental performance of the
considered power plant in realistic scenarios.

We consider 5 different residential buildings energy demands,
representative of 5 climates. We consider three different power
plant configurations: (i) the reference case, that is separate pro-
duction; (ii) the Case A, that is the cogeneration plant; (iii) the
Case B which is the trigenerative plant. We also retrieve, from
European statistics, natural gas and electricity costs, together
with electrical grid CO2 emission factors characteristic of the
several countries in which the typical cities are placed. Also a
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mean European value of such parameters is considered.

We always operate the power plants with an optimal control
strategy, based on energy cost minimization. The optimization
is performed through dynamic programming.

We evaluate the economic feasibility of the distributed gen-
eration power plants through the PBP and cash flow. Specifi-
cally, we assume additional investments equals to 2000 €/kW
for the automotive derivative PEMFC CHP plant and 1200 €/kW
for the half-effect absorption chiller.

The results show that the adoption of the absorption chiller
in the distributed generation PEMFC based power plant is a key
aspect that boosts environmental and economic benefits for all
the energy contexts and in every climatic condition. Consider-
ing the average European energy context, thanks to the CHCP
system CO5 emissions are reduced for all the considered cli-
matic conditions. On the contrary for the CHP system such a
behavior is not observed.

We comment that the climatic condition only marginally in-
fluence the economic feasibility of such energy systems while
the energy context dominates it. On the contrary, the climatic
conditions dominates the environmental performance of DG
systems.

Due to the larger investment cost, Case B are always char-
acterized by a longer PBP (generally 1 year more). However,



Case B generates higher cash flows, resulting in a larger invest-
ment value after it has been recovered.

Finally, if the real energy context is considered, the adop-
tion of the PEMFC based CHP power plant is a viable solu-
tion, in economic and environmental terms, for all cases except
the moderate climatic condition. Also using the CHCP system,
the moderate climate is still unfit for this application, having
negative environmental performance. Climatic conditions with
high cooling over power or heating over power ratios are the
most attractive cases. For example at CHCP system in hot cli-
mate yields cost and CO, emissions reductions both higher than
50 %.

For the average European scenario, the CHP power plant
can be considered a good option only for cold and heating based
climatic zones. On the contrary, Case B has a favorable perfor-
mance in all the climatic conditions.

We also highlight that the adoption of the absorption chiller
has a positive impact on the environmental performance of the
FC based CHP plant. In fact, on average, case B further reduces
the CO, emission by 8.33 % with respect to case A. The most
relevant improvement of the environmental performance is for
the hot climate and the EUsg context. In this case, Case A in-
crements the CO5 emissions, while Case B reduces the green
house gases emission by 13.2 %.

Moreover, we underline that the results of this study could
have a huge impact in practical applications. In fact, the res-
idential sector can be considered a promising market for dis-
tributed energy systems. In the US, every year more than 1
Million of new residential units are built [93] and the trend is
positive. Given that the CHP system in study can satisfy the
energy demand of 20-30 families, a potential market of 40000
units per year can be estimated, for just the US scenario. This
would result also in a drastic reduction of the technology cost
[42, 48].

The analysis here performed could be further refined con-
sidering more advanced fuel processors for the CHP systems
and different technologies for the low temperature thermally
activated cooling machines. Moreover, the matching with the
energy demand of several buildings types, such as clinics, ho-
tels, supermarkets, and restaurants could be investigated. Fi-
nally, we note that the cluster of tools here presented could be
used to properly size a distributed energy system, performing
complete business case analysis.
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