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  Executive summary
The aim of this work is to evaluate the impact of two innovative technical

solutions: (i) the advanced fuel processor configurations, and (ii) of thermally
driven cooling machine on environmental and economic performance of the
AutoRE 50 kWel CHP system in realistic energy management scenarios.

The performance of the different CHP and CHCP power plants have been
thoroughly investigated in Deliverable 4.2. Herein, we briefly review the per-
formance characteristics obtained with the thermo-chemical models. Then,
from these results we move to the realistic energy management scenarios
study. We consider the energy demand of a mid-rise apartment in differ-
ent climates. Moreover, we investigate European energy costs and emission
factors.

Results of the analysis on the advanced fuel processor configurations show
that the baseline AutoRE CHP power plant ensures energy costs reductions
in all the climatic conditions. The CO2 emissions are reduced in cold and
moderate climates. The CHP power plant with selective membranes in-
tegrated in the reformer guarantees additional cost reduction in the range
[7.8%, 15%], and an additional CO2 reduction between 3.6% and 11%, with
respect to the baseline CHP system. Selective membranes as purification
unit, or integrated in the water gas shift reactor ensure an additional cost
reduction with respect to the baseline CHP always lower than 3% and a
further CO2 emissions reduction always lower than 4 %. Moreover, the sensi-
tivity to the minimum set point of the membrane reforming CHP power plant
evidences that the economic and environmental performance of the energy
system are affected for less than 6% and 2% respectively, by increasing the
minimum set point from 10% to 50%.

The results of the analysis on thermally driven cooling machine show that
the utilization of half-effect absorption chillers in the AutoRE CHP power
plant 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 Methodology
The performance of the AutoRE 50 kWel CHP systems have been re-

trieved with a steady state thermo-chemical model developed using a lumped
parameter approach within the AspenPlus R©[2] modeling environment. This
approach has been thoroughly described and validated in Deliverable 4.1 [11],
in Deliverable 4.2 [12], and in several papers [10, 18, 19].

The global efficiency is the main performance parameter for the CHP
systems in study and is evaluated through the following equation:

ηglob =
Pel −W ref

aux

ṁNGLHVNG
, (1)

where Pel is the FC net electrical power, W ref
aux is the power required by the

auxiliaries of the fuel processing section, ṁNG is the total natural gas mass
flow entering in the energy system and LHVNG = 46.5MJ/kg is the lower
heating value of the natural gas. The natural gas comes from the grid at 1
bar and is compressed until the steam reforming operating pressure. In Eq.
(1) Pel is the net electrical power of the fuel cell, already subtracted of the
FC auxiliary power consumption.

Moreover, we evaluate the thermal efficiency as follows:

ηth =
Qcog

ṁNGLHVNG
, (2)

where Qcog is the thermal power available via co-generation from the CHP
plant.

The efficiency values are functions of the plant set-point, defined as:

Φ =
Pel

P nom
el

, (3)

where P nom
el = 50 kWel is the maximum net electric power, and Pel is the net

power output obtained by regulating the power plant.
We model also the half-effect absorption chiller within the AspenPlus R©[2]

environment, as thoroughly explained in Deliverable 4.2 [12] and in papers
[18]. The main performance indicator for the half-effect absorption is the
coefficient of performance:

ηco,AC =
Ṗco,AC

Q̇g,1 + Q̇g,2
, (4)

where Ṗco,AC = Q̇e is the cooling power generated in the evaporator. Q̇g,1

and Q̇g,2 are the thermal power required respectively in low and high pressure
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  generators. We represent the results as functions of the cooling set point:

ΦAC = Ṗco,AC/Ṗ
nom
co,AC, (5)

where Ṗ nom
co,AC = 29.5 kW is the nominal cooling power, and Ṗco,AC the power

obtained by regulating the absorption chiller.
The economic and environmental performance of the power plants are

strictly related to their operating efficiency which is largely influenceded by
the control strategy [1, 3, 5, 8, 9, 15, 22, 24]. Thereafter, we compare the per-
formance of the different CHP power plants following a control strategy that
minimizes the total energy cost. The control strategy is determined through
the optimization methodology introduced in [9], and further developed in
[6, 8, 14]. The methodology has been already used in the project, specifically
for Deliverable 4.6 [13]. Such a methodology minimizes a prescribed objec-
tive function on a yearly basis accounting for: (i) the design performance of
all the subsystems; (ii) the derating of the performance at part load; (iii) the
effects of environmental conditions; (iv) energy demand and costs as func-
tions of time; (v) maintenance, and cold start costs; (vi) constraints related
to the dynamic behavior of the equipment, such as the minimum time inter-
val between two consecutive starts or shutdowns. Refer to [6, 8, 9, 14] for
more details on the optimization methodology.

We can determine the set point of each component on a hourly basis as a
result of the optimized control strategy. In this way, we calculate the cash-
flow associated to the energy system operation, including the fuel cost, the
maintenance cost, the cold-start cost, and the cost yielding from the electric-
ity acquired from the grid. Then, it is possible to compare the investment
cost directly with the cash flow of the energy system, without considering
the Levelized Cost Of Energy (LCOE). The metric to evaluate the economic
feasibility of distributed generation plants is the pay-back period (or the time
in which the total savings are equal to the initial investment), calculated as:

PBP =
Iadd

Cref − C
, (6)

where Iadd is the difference between the capital cost of the considered case
and the capital cost of the reference case, Cref is the annual energy cost of
the reference case and C is the annual cost of the CHP cases. We consider
an additional investment Iadd of 2000 e/kW for the automotive derivative
PEMFC CHP plant, according to the project target. We do not consider
the additional investment of the CHP power plant varying with the fuel pro-
cessor plant. In fact, in first approximation the additional cost of selective
membranes can be considered equal to the capital investment reduction re-
sulting from the plant simplification. Moreover, for the half-effect absorption
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  chiller we consider an additional investment of 1200 e/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 levels that implies two generators, two absorbers, two pumps, and
two solution heat exchangers.

The following equation quantifies the carbon dioxide emissions:

mCO2 =

Nfuel∑
i=1

(miki) + Egridkgrid (7)

whereNfuel is the number of different fuels utilized in the plant,mi is the mass
of the i−th fuel, ki is its CO2 emission factor, Egrid is the electrical energy
exchanged with the grid, and kgrid is the carbon dioxide emission factor of
the electricity available from the distribution grid.

To evaluate the economic and environmental performance of the power
plants analyzed in real energy management scenarios, we define the percent-
age cost reduction as follows:

Cost Reduction =
Cref − C

Cref
· 100, (8)

where C is the cash flow associated to the CHP or CHCP power plant and
Cref is the cash flow of the reference scenario. In the same way, we define the
percentage CO2 emissions reduction as follows:

CO2 Reduction =
mref

CO2
−mCO2

mref
CO2

· 100, (9)

where mCO2 is the carbon dioxide mass emitted from the CHP or CHCP
power plant and mref

CO2
is the carbon dioxide mass of the reference scenario.

2 Energy Contexts

2.1 Energy demand

The US Department of Energy (DOE) published the “commercial refer-
ence buildings” database [21], where the hourly electricity, heat, and chilling
energy demand profiles are reported for 16 different commercial reference
buildings. Each structure is situated in more than 1000 locations (that rep-
resents different climatic conditions) in all the US. Data are available for an
entire year.
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  The International Energy Agency (IEA) divided the entire world in 6
different climatic zones [7, 17]: (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 1.
Note that the reference temperature is 18◦C for both CDD and HDD.

Table 1: Heating and cooling degrees days and representative city for each
IEA climatic zone [17].

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)

For clarity, we report in Table 1 an example of a European city for each
climatic zone. Note that combined climate is not representative of any Eu-
ropean 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 1, for each climatic zone. The electricity load is only
marginally influenced by the location of the plant. On the contrary, heat
and cooling demands are significantly influenced by the climatic zone. By
comparing Table 1 and Figure 1, we note that for thermal and cooling de-
mands, the difference between average and peak demand rises as the degrees
day increase.

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

Θ =
Ech

Eel

, (10)

and the heat to power ratio Ω:

Ω =
Eth

Eel

. (11)

Therein Ech, Eth, and Eel are the total early consumption of cooling, heating,
and electrical energy.

Figure 2 classifies the considered case studies with respect to Θ and Ω.
The red vertical line represents the ratio between the nominal thermal and
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Figure 1: Average and peak electricity demand for all the combinations of
climatic condition and building energy demands.
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Figure 2: 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.

electrical power of the CHP system. Since Θ is below that boundary for
all the climates, following the thermal tracking plant control strategy would
result in a large import of electricity, in particular for moderate, chilling
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
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  refrigeration, to boost the CHP performance.
Similarly, the blue horizontal line in Figure 2 represents the ratio between

the nominal cooling power of the absorption chiller and the nominal power of
the CHP. We note that the absorption 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 mechanical
chiller is required.

Figure 2 also shows that Θ and Ω are strongly influenced by the climatic
zone. In fact, moving from hot to cold climate Θ decreases, while Ω 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 1).

Finally, the yearly environmental temperature profile is necessary to eval-
uate the performance derating of the absorption chiller. Such a value is re-
trieved from the European commission joint research center [16] for each city
reported in Table 1.

2.2 Energy prices and grid emission factors

The optimization methodology requires the prices of the energy 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 exter-
nal 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 under-
line that this is a conservative assumption that underestimates the economic
profitability of the proposed power plant. Natural gas is the other possible
input energy source to the plant.

Electricity and NG prices are retrieved from the Eurostat database [4],
assuming an average value between the two semesters of 2016 for house-holds
consumers category. All taxes and levies are included. Tables 2 and 3 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.

To compare the environmental performance of the several cases we con-
sider the natural gas carbon dioxide emission factor kNG = 0.200 kg/kWh
[23]. Table 4 summarizes the carbon dioxide emission factors of the electric-
ity available from the distribution grid for the different national scenarios.
Data are retrieved from [20].

Note that assuming the energy consumption retrieved for US buildings
[21] valid in a European energy context [4, 20] entails that the buildings
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  Table 2: Electrical energy costs utilized for the different scenarios [4]. Band
DA stands for yearly electrical energy consumption Cons.el. < 103 kWh; Band
DB for 103 kWh < Cons.el. < 2.5 × 103 kWh; Band DC for 2.5 × 103 kWh <
Cons.el. < 5×103 kWh; Band DD for 5×103 kWh < Cons.el. < 1.5×104 kWh;
Band DE for Cons.el. > 1.5 × 104 kWh.

Electricity [ce/kWh]
Band
DA

Band
DB

Band
DC

Band
DD

Band
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 15.4 14.8
EU28 33.3 22.6 20.5 19.4 18.5

Table 3: Natural Gas prices utilized for the different scenarios [4]. Band
D1 stands for yearly natural gas consumption Cons.NG < 20GJ; Band D2
for 20GJ < Cons.NG < 200GJ; Band D3 for Cons.NG > 200GJ.

Natural Gas [e/GJ]
Band
D1

Band
D2

Band
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
EU28 26.8 17.5 15.6

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.
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  Table 4: Carbon dioxide emission factors of the electricity available from the
distribution grid for the several national scenario analyzed, data are retrieved
from [20].

Scenario kgrid [kg/kWh]
Poland 0.767
Italy 0.980
Spain 0.431
Greece 0.810
Cyprus 0.341
EU28 0.447

3 Advanced fuel processor configurations

3.1 Case studies

A business as usual power plant is considered for the reference (Fig. 3).
In this power plant the electricity is acquired from the national distribution
grid, heat is locally produced with a natural gas boiler, and a mechanical
chiller provides the cooling effect.

NG

Grid User

Electricity

Boiler
Cold

Mechanical Chiller

Thermal
Storage

Heat

Figure 3: Reference scenario power plant scheme.

In the CHP scenarios the AutoRE 50 kWel distributed generation unit is
considered (Fig. 4). In this case electricity can be acquired from the national
distribution grid or locally produced with the CHP power plant. Heat can
be produced with the natural gas boiler or through the CHP power plant. A
mechanical chiller provides the cooling effect.

Four CHP plants are considered in this study, namely plant A, plant B,
plant C, and plant D in comparison with the reference case. The difference
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Thermal
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Figure 4: CHP power plants scheme.

between the CHP power plants is the syngas purification unit. The summary
of the analyzed cases is reported in Table 5.

Table 5: Summary of the considered fuel processor configurations.

Case CHP power plant description

Reference None
Case A Plant A: Steam reforming, water gas shift, purification via PSA
Case B Plant B: Steam reforming, water gas shift, purification via selective membranes
Case C Plant C: Steam reforming, membrane integrated water gas shift
Case D Plant D: Membrane integrated steam reforming

Plant A is the baseline configuration, accounting for HIWAR steam re-
forming, water gas shift, and purification via PSA (Fig. 5). The operating
pressure is 12 bar, and the operating temperature is 770 ◦C [10, 12, 19].

Plant B fuel processor is made of HIWAR steam reformer, water gas shift
reactor, and purification via selective membranes (Fig. 6). The operating
pressure is 12 bar, and the operating temperature is 770 ◦C [10, 12, 19].

Plant C features selective membranes incorporated in the water gas shift
reactor (Fig. 7). A separate purification unit is unnecessary, and the only
other reactor in the fuel processor is the HIWAR. The operating pressure is
12 bar, and the operating temperature is 770 ◦C [10, 12, 19].
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Figure 5: Plant A fuel processor schematic.
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Figure 6: Plant B fuel processor schematic.

Plant D is made of a unique reactor, that is membrane integrated HI-
WAR unit (Fig. 8). The operating pressure is 35 bar, and the operating
temperature is 770 ◦C [10, 12, 19].

The integration of Pd-based selective membranes in reactors results in
a significant simplification of the fuel processor plant, especially when the
reforming membrane reactor configuration is considered (Figs. 5, 6, 7, and
8).

The performance of the CHP systems, reported here for convenience in
Figure 9, have been investigated in Deliverable 4.2 [12].
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Figure 7: Plant C fuel processor schematic.
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Figure 8: Plant D fuel processor schematic.

The plant electric efficiency varies between 36% and 48%, as a function
of the set-point and of the fuel processor plant. The plant electric efficiency
ηglob at nominal conditions increases by 10.4% (i.e. from 36.1% to 39.8%)
switching from Plant A to Plant D. This is due to the shift of the reforming
reaction towards products, and to the better thermal integration. Configura-
tions B and C significantly reduce the fuel processor complexity with respect
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Figure 9: Performance of the considered power plants as functions of Φ:
(a) plant electric efficiency; (b) plant thermal efficiency.

to the baseline configuration A, but their impact on the system efficiency
improvement is minor compared to configuration D.

The thermal efficiency is almost insensitive to the fuel processor configu-
ration. Values of ηth ranges between 56.1% and 41.9%, as a function of the
set-point.

We further comment that the range of the possible set-points in cases A,
B, C is limited around 60.0% by PSA and reformer constraints. However,
plant D fuel processor is completely different in the construction, so we cannot
determine a priori the minimum possible set-point. As a consequence, the
sensitivity analysis is conducted for a wider operating range (i.e. for Φ in the
range [0.1, 1.0]).

A mechanical chiller and a fuel boiler are considered in all the reference
and CHP cases. Fig. 10 reports the performance of the mechanical chiller
and of the fuel boiler as functions of the set point. Data are retrieved from
literature [5]. The mechanical chiller and the natural gas boiler are sized to
satisfy the peak demand of each case.

The thermal storage has the same power of the fuel boiler and an energy
capacity able to satisfy the peak heating demand for three hours.

We consider for this study the Cold, Moderate, and Hot climates, ac-
cording to Table 1. Moreover, for the electricity and natural gas prices we
refer to mean european values (EU28) reported in Tables 2, and 3. The mean
european values are considered also for the grid emission factors (Table 4).
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Figure 10: 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.

3.2 Results

Figure 11 represents the total energy cost and the total CO2 emissions
for all the cases presented in table 5 in all the climatic conditions analyzed.
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Figure 11: Global performance of the different power plant configurations in
all the climatic conditions analyzed: (a) total energy cost; (b) CO2 emissions.

Figure 11 (a) shows that the CHP power plant reduces the energy costs in
all the climatic conditions considered. The energy costs are further reduced
when fuel processor configurations with selective membranes are considered.
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  This is especially evident for the membrane integrated steam reforming re-
actor, that is case D in figure 11.

Figure 11 (b) shows that the implementation of selective membranes in
the fuel processor (cases B, C, and D) reduces the environmental impact of
the energy service with respect to the baseline CHP plant (case A). However,
the baseline CHP plant environmentally outperforms the reference case only
in Cold and Moderate climate. In hot climate only cases C and D CHP power
plants are able to reduce the CO2 emission with respect to the reference case.

Cost Reduction, CO2 Reduction, and PBP for all the CHP power plants
in the different climates are evaluated in Figure 12.

20 25 30 35 40 45

0

10

20

30

Cost Reduction [%]

C
O

2
R

ed
uc

ti
on

[%
]

20 25 30 35 40 45

0

10

20

30

66
6

5

7 7
6

5

10
9

9

6

Cost Reduction [%]

C
O

2
R

ed
uc

ti
on

[%
]

Cold Moderate Hot

Case A Case B Case C Case D

Figure 12: Cost Reduction, CO2 Reduction, and PBP for all the CHP
power plants in the different climates. The coordinates of the center of the
geometric figures represents the Cost Reduction and the CO2 Reduction. The
size of the geometric figures is proportional to the PBP. The value of the pay
back period is also reported in the center of the geometric figures.

In figure 12 the geometric figures representing cases A, B, and C lies
in proximity to each other. The maximum distance in cost reduction axis
between these cases is lower than 3% and the maximum distance in CO2 re-
duction axis is lower than 4%, considering all the climates. For this reason,
selective membranes as separators (case B), or integrated in the water gas
shift reactor (case C) do not generate significant economic or environmental
benefits in comparison with baseline CHP power plant (case A). Conversely,
the CHP power plant with the fuel processor based on membrane integrated
reformer (case D) generate an additional cost reduction in the range [7.8%,
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  15%], and an additional CO2 reduction between 3.6% and 11%. The addi-
tional CO2 reduction of case D is higher for moderate and hot climates. As a
consequence, selective membranes integrated in the steam reforming reactor
are a technical solution that broadens the environmental advantages of CHP
systems towards hotter climates. Moreover, in hot climate the baseline (case
A) CHP power plant has worse environmental performance than the refer-
ence case. However, with plant D it is possible to obtain a reduction in CO2

emission with respect to the reference case. Finally, the improved economic
performance of case D power plant makes the pay back period lower of a
value between 1 year and 4 years as a function of the climate, with respect
to the baseline power plant (case A).

Part of the good economic and environmental performance of the plant
D may be attributable to the wide operating range (i.e. Φ in the range [0.1,
1.0]). For this reason, we conduct a further optimization study of the plant D
CHP with the minimum set-point limited to 50%. The results are reported
in table 6, in comparison with the reference case and with the unbounded
plant D results.

Table 6: Optimization study of the plant D CHP with the minimum set-point
bounded to 50%.

Case Energy Cost [ke] CO2 Emissions [t]
Reference, Cold 60.1 165
Case D, Cold 35.6 124
Case D bounded, Cold 37.7 122
Reference, Moderate 49.8 126
Case D, Moderate 31.3 110
Case D bounded, Moderate 33.3 111
Reference, Hot 63.6 159
Case D, Hot 42.7 149
Case D bounded, Hot 43.2 149

The difference in the energy cost between the bounded and the unbounded
case D varies between 0.5 ke and 2.1 ke. The difference in the CO2 emissions
between the same cases is in the range [-2 t, 1 t]. For these reasons, we
can conclude that, even if the membrane integrated fuel processor would be
limited in the operating range, the economic and environmental performance
of the energy system are affected for less than 6% and 2% respectively, by
increasing the minimum set point from 10% to 50%.

In the cold climate the bounded case increases the energy cost and re-
duces the CO2 emissions. In this climate the optimal set point for costs
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  minimization in many hours of the year is lower than 0.5. However, running
the system at 0.5 is still more convenient than buying electrical energy from
the grid. As a result, more electrical energy is produced in the CHP power
plant, with an emission factor lower than grid electricity.

4 AutoRE CHCP power plant

4.1 Case studies

In this section we evaluate in real energy management scenarios the Au-
toRE CHCP power plant, resulting from the integration of a half-effect ab-
sorption chiller in the CHP, as evidenced in Figure 13.

NG

NG

Fuel Processor FC

H2

Grid User

Electricity

Boiler
Absorption Chiller

Heat

Chilling

Mechanical Chiller

Thermal
Storage

Figure 13: Schematic representation of the considered CHCP plant.

To evaluate the impact of thermally driven refrigeration on the AutoRE
CHP plant performance, we compare the business as usual scenario (Fig. 3)
with the AutoRE CHP power plant (Fig. 4), and with the AutoRE CHCP
power plant (Fig. 13), as summarized in Table 7.

Table 7: Power plant configurations analyzed.

Reference Case A Case B
CHP Plant 7 3 3

Absorption Chiller 7 7 3

Mechanical Chiller 3 3 3

We consider the baseline CHP system with steam reforming, water gas
shift, and purification via PSA, whose scheme and performance are reported
in Figures 5, and 9 respectively.
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  We perform the study for every climatic zone reported in Table 1. More-
over we consider both the mean European energy context, and the real energy
context of each state representative of the climatic zone (Tabs 2, 3, and 4).

The mechanical chiller and the boiler are considered in every case and
sized to satisfy the peak demand of each case. Also in Case B the mechan-
ical 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. The efficiency curve for mechanical chiller and natural gas boiler is
reported in Figure 10.

The performance of the half-effect absorption chiller as a function of the
cooling set-point have been numerically assessed in the Deliverable 4.2 [12],
and are here reported for convenience in Figure 14.
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Figure 14: Half-effect absorption chiller coefficient of performance as a
function of the set point.

Figure 15 reports the cooling power and COP of the absorption chiller as
functions of the environmental temperature (Tenv).
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Figure 15: Half-effect absorption chiller power and COP derating, as func-
tions of environmental temperature.

4.2 Results

Here, we report the most representative and synthetic parameters, result-
ing from the CHCP plant simulation in real energy management scenarios.
Specifically, we focus on the yearly total energy cost (accounting for all en-
ergy vectors), together with the annual total CO2 emissions, and finally the
Utilization Factors (UFs) of the components of the power plant. Figure 16
reports the results obtained considering the real energy context of each coun-
try representative of a climatic zone (see Tables 1, 2, 3, and 4). Figure 17 is
obtained considering the average European energy context (see Tables 2, 3,
and 4). Such a twofold analysis is necessary because, in Figure 16, we can
analyze a real example of the adoption of a distributed generation system.
On the contrary Figure 17 reports general results, valid for all Europe.

Figure 16 (a) highlights the drastic cost reduction associated to the CHP
plant (Case A) with respect to the reference scenario. Such advantages are
further boosted when the absorption 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 ke and 33.9 ke per year.
On the other hand, for Case B the cost reduction varies in the range [12.8 ke,
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Figure 16: 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.

37.2 ke] 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 CO2 emission for all the climates except for the mod-
erate one (Figure 16 (b)). In the latter case, CO2 emissions are increased by
17.6 %. In all the other climates the CO2 emissions reductions, with respect
to the reference case, are between 16.0 t and 164 t per year. Case B further
reduces the carbon dioxide emissions. Specifically, CO2 reduction ranges be-
tween -8.89 t (for moderate climate) and 171 t (for cold climate). 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 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 4), 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 demand 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.

The results reported in Figure 16 combines the different climatic condi-
tions to the national energy costs. However, the same climate might apply
different country. Figure 17 is more general and allows studying the proposed

23



  

AutoRE 

 

  

Cold Heating Based Moderate Chilling Based Hot
0

20

40

60

80

E
ne

rg
y

C
os

t[
ke

]

(a) Total energy cost

Reference Case A Case B

Cold Heating Based Moderate Chilling Based Hot
0

100

200

300

C
O

2
E

m
is

si
on

s
[t

]

(b) CO2 Emissions

Cold Heating Based Moderate Chilling Based Hot
0

0.5

1

U
til

iz
at

io
n

Fa
ct

or

(c) CHP Utilization Factor

Cold Heating Based Moderate Chilling Based Hot
0

0.1

0.2

0.3

0.4

U
til

iz
at

io
n

Fa
ct

or

(d) Boiler Utilization Factor

Figure 17: 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.

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 significantly reduces the en-
ergy cost with respect to the reference case (see Figure 17 (a)). Specifically,
the revenues (or equivalently avoided costs) range from 13.0 ke and 18.8 ke .
Using the absorption chiller further reduces the costs by 16.1 ke in the worst
case (i.e. moderate climate), and by 22.7 ke in best case (i.e. hot climate).

Figure 17 (b) highlights that, in the average European energy scenario,
Case B always reduces the CO2 emissions irrespective of the climatic con-
dition. On the contrary, Case A increases carbon dioxide emissions for hot
climates. Using the CHP plant together with the mechanical chiller we obtain
CO2 emissions reductions between -2.34 t and 30.1 t per year. The usage of
the absorption chiller increases environmental benefits, with CO2 emissions
reductions in the range [14.7 t , 34.6 t].

Figure 18 represents the techno-economic performance of the different
plant configurations by reporting the relative cost variation on the abscissa,
the relative CO2 reduction on the vertical axis. The radius of the circles is
proportional to the PBP, calculated as described in section 1.

Considering the real energy context (see Figure 18 (a)) we obtain, for
the Case A, a pay back period comprised between 3 years, for heating based
climate, and 11 years, for moderate climate. 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 18 (b)) the PBP
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Figure 18: 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 emis-
sions 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.

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
16 and 17), the capital cost of the absorption chiller is dominant.

Focusing on the real energy context (see Figure 18 (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 scenario CO2 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 environmental performance.
In fact, in Figure 18 the spheres related to Case B are always in the north-
east with respect to Case A. The negative value of CO2 emissions reduction
registered for the moderate climatic condition in the real energy context is a
consequence of the low thermal energy demand of the moderate climate (see
the Ω ratio in Figure 2) and of the low grid electricity emission factor (see
Table 4). On the other hand, the large CO2 emissions reduction associated to
the cold climate (see Figure 18 (a)) is due to the high grid emission factor and
high Ω ratio (see Table 4 and Figure 2). In Figure 18 (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 CO2 emission
reduction, especially for the minimum values. In fact, in Case B the lowest
CO2 reduction is more than 13 percentage points higher, compared to the
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  lower environmental performing situation in Case A. Finally, within the EU28

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.

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 environmental terms, for all cases except the mod-
erate climatic condition. When the CHCP system is used, CO2 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 absorption 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.

5 Conclusions
In this work we have considered steady state thermo-chemical models

based on lumped parameter approach to retrieve the performance of alter-
native improved configurations of the AutoRE 50 kWel CHP system. The
innovative technical solutions are obtained: (i) integrating Pd-based selective
membranes in different components of the fuel processor, and (ii) integrating
half-effect absorption chiller to exploit cogenerated heat in warm climates
and seasons.

Then, we have characterized the energy context estimating the hourly
electricity, heat, and chilling energy demand profiles for a full year of a midrise
apartment, in five different climatic zones. Moreover, we have retrieved from
literature the price of the grid electricity and natural gas, and the associated
emission factors.

The optimization study on advanced fuel processors allows us to deter-
mine the hourly set-point of all the components of the power plant that
minimizes the yearly energy cost. As a consequence, we have been able to
determine the global energy cost and CO2 emissions for each case: reference,
case A, case B, case C, case D. Results show that selective membranes are a
worthwhile investment from economic and environmental perspective when
integrated in the steam reforming reactor. In case D in fact is possible to
achieve an additional cost reduction in the range [7.8%, 15%], and an addi-
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  tional CO2 reduction between 3.6% and 11%, with respect to the baseline
CHP system. Selective membranes in case A and B guarantee a further
cost reduction always lower than 3% and a further CO2 emissions reduc-
tion always lower than 4 % with respect to the baseline CHP power plant.
Moreover, we can conclude that the selective membranes integrated in the
reformer extend the economic and environmental convenience of the AutoRE
CHP power plant towards warmer climates. Finally, the sensitivity analy-
sis to the minimum set point of the membrane reforming CHP power plant
evidences that the economic and environmental performance of the energy
system are affected for less than 6% and 2% respectively, by increasing the
minimum set point from 10% to 50%.

The results of the optimization study on the AutoRE CHCP system
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.
Considering the average European energy context, thanks to the CHCP sys-
tem CO2 emissions are reduced for all the considered climatic conditions. On
the contrary for the CHP system such a behavior is not observed. Moreover,
we comment that the climatic condition only marginally influence the eco-
nomic feasibility of such energy systems while the energy context dominates
it. On the contrary, the climatic conditions dominates the environmental
performance of DG systems. Finally, we 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 CO2

emission by 8.33% with respect to case A. The most relevant improvement of
the environmental performance is for the hot climate and the EU28 context.
In this case, Case A increments the CO2 emissions, while Case B reduces the
green house gases emission by 13.2%.
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