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  Executive Summary
This report studies different alternatives to the baseline plant configura-

tion to improve the system performance and to implement innovative tech-
nologies, such as selective membranes separators. Three different alternatives
have been considered to enhance the CHP performance: (i) Improving the
electrical efficiency of the prime mover (i.e. the FC). (ii) Improving the
thermal integration of the power plant subsystems, in particular of the fuel
processing section. (iii) Exploring the integration of H2-selective membranes
used as separation unit, or integrated in the water gas shift reactor, or inte-
grated in the reforming side of the HIWAR reactor. Moreover, the possibility
to exploit the low grade cogenerated heat to produce a cooling effect is ex-
plored through the modeling of a half-effect absorption chiller.

The results show that increasing the nominal power of the FC has a
positive impact on plant performance. However, careful economic evaluation
is needed to analyze possible costs increase. The thermal integration of
the reformer improves the plant performance without drawbacks and should
be adopted. Selective membranes integrated in reactors (and not used as
standalone purification unit) allow significant efficiency improvements and
plant complexity reduction, in particular if the membranes are integrated in
the reforming side of the HIWAR reactor. The half-effect absorption chiller
can be directly integrated in the AutoRE CHP system and can exploit all the
low grade (i.e. 75◦C) thermal energy produced, although with a coefficient
of performance lower than 0.5.
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  1 Performance of the baseline system
The performance of the baseline power plant, represented in Figure 1,

have been numerically assessed in the Deliverable 4.1 [9], and is reported in
Figure 2 and in Figure 3.
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Figure 1: Schematic overview of the energy conversion plant.

For convenience, we also report the definition of the most relevant per-
formance parameters of the Combined Heat and Power (CHP) plant. Specif-
ically, the net efficiency of the fuel cell (FC) is calculated as

ηFC =
Pel

ṁH2HiH2

, (1)

where Pel is the net electrical power generation of the FC, ṁH2 is the hy-
drogen mass flow rate at the FC inlet, and HiH2

= 120MJ/kg is the lower
heating value of hydrogen. The global efficiency of the whole energy system
is retrieved by subtracting the auxiliary power from the electrical power of
the FC as follows

ηglob =
Pel −W ref

aux

ṁCH4HiCH4

, (2)

where W ref
aux represents the mechanical energy consumption of the auxiliaries

of the fuel processor. The consumption of the FC auxiliaries is not included
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  being Pel already the net electrical power of the FC. Finally, the total (first
law) efficiency of the CHP plant is calculate as

ηtotal =
Pel −Waux +Qcog

ṁCH4HiCH4

. (3)

We perform the sensitivity analysis varying the natural gas mass flow rate
ṁCH4 from 50% of the nominal value to nominal conditions.
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ṁCH4 [kg/h]

ṁ
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Figure 2: Energy and mass fluxes of the baseline plant as functions of
the natural gas input: (a) Hydrogen produced by the fuel processor; (b) Net
electrical power of the FC; and (c) Cogenerated heat.

We note that the electrical power produced by the baseline CHP system
is in the range [31.4, 54.8] kW and that the the cogenerated heat, varies from
29 kW to 77 kW.

The efficiency of the FC varies between 53.5% at minimum load and
46.9% at maximum load. The electrical efficiency of the CHP varies within
the shaded area in Figure 3(b) as a function of the natural gas pressure
(1 bar ≤ pCH4 ≤ 12 bar). At the minimum power the electrical efficiency of
the cogeneration plant varies between 37.6% and 38.9%. At the maximum
power output the efficiency is in the range [32.7%, 33.9%]. Similarly to the
electrical efficiency, also the first law efficiency varies as a function of the
natural gas pressure, as shown in Figure 3(c). In particular at the maximum
load 72.8% ≤ ηtotal ≤ 74.9%, and at the maximum power output 80.3% ≤
ηtotal ≤ 82.4%. We note that, in the baseline system, ηtotal is characterized by
a non monotonic behavior, varying the plant load. In particular, for ṁCH4 ≤
9 kg/h the reduction of the electrical power dominates with respect to the
increased thermal power and the total efficiency is inversely proportional to
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ṁCH4 [kg/h]

η g
lo
b

(b) Electrical efficiency

6 8 10 12 14
0.7

0.75

0.8

0.85
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Figure 3: Efficiency of the baseline plant: (a) Efficiency of the fuel cell;
(b) Electrical efficiency of the plant; and (c) First law efficiency of the plant.
The blue band between the two lines in the graphs b) and c) identifies the per-
formance with and without including the work needed to compress the natural
gas at the fuel processor inlet.

the natural gas mass flow. On the other hand, for ṁCH4 > 9 kg/h the thermal
power variation is more relevant compared to the decrease of electrical power,
and the total efficiency increases by increasing the plant load. We comment
that such a behavior is directly related to the experimental data provided
by the partner Nucellsys [1] for the FC performance. The behavior may be
attributable to the shift of the fuel cell set-point from the ohmic loss region
to the mass transport loss region, as also evidence in the slope change in
Figures 2(b), and 3(a).

2 Improved efficiency of the FC section
A first alternative plant configuration to increase the electrical efficiency

of the CHP system was presented in Deliverable 4.1 [9]. Therein, we hypoth-
esized to convert the Hydrogen produced by the fuel processor in two 50 kW
fuel cells (configuration “B” in the followings), thus reducing the maximum
load of each FC. Since the FC efficiency is inversely proportional to the load
condition, this measure increases the electrical efficiency of the plant, as re-
ported in Figure 4. Specifically the global electrical efficiency of the enhanced
power plant ranges between 37.6%, at maximum power output and account-
ing for NG compression, to 40.1% at minimum load and without the need
of compressing the NG (to be compared with the efficiency of the baseline
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Figure 4: Efficiency of the CHP plant in configuration “B”: (a) Efficiency of
the fuel cell; (b) Electrical efficiency of the plant; and (c) First law efficiency
of the plant. The blue band between the two lines in the graphs b) and c)
identifies the performance with and without including the work needed to
compress the natural gas at the fuel processor inlet.

plant that is in the range [32.7%, 38.9%]).
Further details are reported in Deliverable 4.1 [9].

3 Enhanced thermal integration of the reformer
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Figure 5: Flow chart of the fuel cell section.

In the baseline system (described in section 1) heat for cogeneration is
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  recovered only from the FC section of the power plant (see Figure 1). In par-
ticular, as evidenced in Figure 5, low temperature heat is produced through
the FC cooling circuits and from the exhaust of the FC.

However, as evidenced in Figure 1, a further amount of thermal energy
could be recovered from the reformer section of the energy system. In fact,
high temperature heat is rejected to environment in HE-4, where the tem-
perature of the syngas is reduced from about 430◦C to 320◦C before the
water gas shift reactor. Additional thermal energy can be recovered from
HE-6 where the syngas is cooled from 130◦C to 50◦C. Finally, the flue gases
exiting from HE-2 at about 100◦C can be cooled to 75◦C for cogeneration.
We assume that the cogeneration water enters the power plant at 45◦C and
is heated up to 75◦C in design conditions. The scheme of the power plant
with improved thermal integration is reported in Figure 6.
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Figure 6: Schematic overview of the power plant with improved thermal
integration.

The pinch point temperature difference is the most important parame-
ter influencing the heat exchangers design. For this reason, we establish a
general design principle for all the heat exchangers by imposing a common
pinch point temperature difference. Specifically, the pinch point temperature
difference of all process heat exchangers (i.e. HE-1, HE-2, HE-3, and HE-5)
is 10◦C. The pinch point temperature difference for all the cogenerative heat
exchangers is 5◦C.

Heat exchangers in Aspen Plus R© are characterized using a logarithmic
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  mean temperature difference approach, that takes into account only input
and output conditions. The constant heat capacity assumption underlying
the logarithmic mean temperature difference approach is not longer valid
when the heat capacity varies, as a consequence of phase changes of one or
more species. In these situations the thermal resistance estimated with the
software can be incorrect. Hence, the heat exchanged in off-design conditions
is incorrectly estimated. To face this issue, we divide in several fictitious
elements (Fig. 7) the heat exchangers where the heat capacity varies. In the
single fictitious element the heat capacity can be considered constant. The
number of discretization 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.

Cold stream
inlet

Hot stream outlet

Cold stream
outlet

Hot stream inlet

. . .

. . .

. . .

E-1 E-2 E-10

Figure 7: Discretization process for heat exchangers.

The nominal power of the AutoRE CHP system is 50 kWel. To pro-
duce such a power the fuel cell of the AutoRE CHP requires a hydrogen
mass flow rate ṁH2 = 3.1 kg/h, according to Nucellsys data [1]. In turn,
ṁNG = 10.6 kg/h is necessary to produce the nominal hydrogen mass flow
rate with the considered fuel processor. The thermal equilibrium of the HI-
WAR reactor is achieved splitting the total natural gas mass flow rate in
two parts ṁREF

NG = 10.4 kg/h, and ṁBURN
NG = 0.200 kg/h, that are fed to the

reforming and oxidation side respectively. We consider the natural gas mass
flow rate ṁNG = 10.6 kg/h as the nominal value for this power plant with
enhanced thermal integration.

We note that the cogenerated heat at nominal electric power (i.e. 50 kW)
is increased of about 20 kW, out of 60 kW of the baseline configuration (Figs.
2(c), and 8(c)).

The FC efficiency of the power system is unchanged since we consider the
same fuel cell (Figs. 3(a) and 9(a)). The maximum plant electrical efficiency
is ηglob = 0.36 for the power plant with enhanced thermal integration in
nominal conditions (i.e. PEl = 50 kW) (Fig. 9(b)). In the same conditions
the maximum plant electrical efficiency of the baseline configuration is ηglob =
0.35 (Fig. 3(b)). Such an increase in overall electric performance has been
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Figure 8: Energy and mass fluxes of the power plant with enhanced thermal
integration as functions of the natural gas input: (a) Hydrogen produced by
the fuel processor; (b) Net electrical power of the FC; and (c) Cogenerated
heat.
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Figure 9: Efficiency of the power plant with enhanced thermal integration:
(a) Efficiency of the fuel cell; (b) Electrical efficiency of the plant; and (c)
First law efficiency of the plant. The blue band between the two lines in the
graphs b) and c) identifies the performance with and without including the
work needed to compress the natural gas at the fuel processor inlet.

possible thanks to the better thermal integration. In fact, increasing the heat
recovery for internal processes less natural gas is required, while the same
electric power is produced. The first law efficiency of the power plant with
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  enhanced thermal integration (Fig. 9(c)) at PEl = 50 kW is higher than the
first law efficiency of the baseline power plant (Fig. 3(c)) of 11.5%, thanks
to the improved thermal integration.

The low grade thermal power (i.e. 75◦C) produced within the CHP power
plant can be used to run a half-effect absorption chiller [6, 10, 12, 20]. The
utilization of the absorption chillers improves the plant flexibility and pro-
motes higher effective efficiency, allowing the heat recovery also during hot
seasons [8].

4 Utilization of selective membranes for hydro-
gen purification

The baseline plant utilizes the pressure swing absorption (PSA) technol-
ogy to separate the high purity hydrogen required by the FC from the syngas
after the WGS reactor (see Figure 1). The hydrogen must be cooled down
to ambient temperature and dehydrated before the PSA. Moreover, as evi-
denced in the deliverable 4.1 [9], the PSA hydrogen recovery factor is larger
for a high pressure syngas.

Selective membranes, such as Pd-Ag alloys are a viable alternative to PSA
[18, 21]. Such membranes can reach efficiencies comparable or larger than
PSA [18] and can operate at relatively high temperature (300◦C-700◦C)[21].
Thus, selective membranes can be integrated directly in reactors shifting the
equilibrium of natural gas reforming towards larger hydrogen concentrations.
Membrane reactors have thus a potential in terms of plant simplification,
in particular eliminating the necessity of syngas dehydration and the semi-
batch PSA process. As a drawback, hydrogen is obtained at lower pressure
(to ensure the driving force for separation), and thus hydrogen compression
might be required after separation.

Different configurations, with respect to the integration of selective mem-
branes within a reformer reactor are presented in literature [18], such as
integrating the membranes directly in the steam reformer or in an autother-
mal reactor, or in the WGS reactor. The integration of the membranes in an
autothermal reactor would require a substantial modification of the whole
reforming plant. Thus, for the AutoRe Project we consider three possible
configurations:

• The direct substitution of the PSA with selective membranes (the mem-
brane module acts solely as a H2-separator);

• Integration of the selective membrane within the WGS (the membranes
are physically integrated with the WGS reactor, M-WGS process);
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  • Integration of the selective membrane within the reformer section of
the HIWAR reactor.

These configurations can be realized with relatively small modifications to
the baseline plant. We perform the integration of the selective membranes
in the power plant with enhanced thermal integration (Fig. 6), that will be
considered the reference case to evaluate the effects of the membranes. We
consider that the fuel cell can be fed with hydrogen at 2 bar instead of 12
bar, in order not to hinder the possible selective membranes performance
advantages. We comment that the 2 bar pressure is enough to run the fuel
cell, as verified with NuCellsys.

4.1 Membrane modeling and design

The H2 flux through the membrane (JH2) is driven by the difference of
hydrogen partial pressure across the membrane as evidenced in equation (4)
[18]

JH2 = KH2

(
pnH2,ret

− pnH2,perm

)
, (4)

where KH2 is the membrane permeance to hydrogen, pH2,ret and pH2,perm are
theH2 partial pressures on the retentate and permeate sides of the membrane
respectively, and n is the driving force exponent. The DoE recommends
KH2 = 8.5 × 10−3 mol/(m2 s Pa0.5) [7] for pure H2 as feed gas (i.e. without
transport limitations). When hydrogen is being removed from gas mixtures
the permeance values are lower because of gas phase resistances on the feed
side of the membrane. This leads to a larger required membrane surface
area, in particular at high hydrogen recovery because of the low driving force.
Concentration polarisation is investigated in [4, 15]. The permeance value
only influences the amount of membrane area that is required for a separation,
but it has no influence on the performance of the CHP system. Therefore,
we agreed to investigate the membrane performance with a permeance value
of 8.5 × 10−3 mol/(m2 s Pa0.5), which is the DoE target, and a permeance
value one order of magnitude lower 8.5× 10−4 mol/(m2 s Pa0.5).

The driving force and thus JH2 are null when pH2,ret = pH2,perm. There-
after, assuming that the permeate is pure hydrogen, the H2 mole fraction
yH2,ret on the retentate side cannot be reduced below ymin

H2,ret
= pperm/pret,

even using a theoretically infinite membrane surface. Being the initial H2

mole fraction of the syngas yH2,syn ' 0.75, pperm is limited to 2.2 bar to
guarantee that ymin

H2,ret
≥ 20%.

The hydrogen mole fraction of the retentate as a function of the mem-
brane area is evaluated numerically by integrating eq. (5) and represented in
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Figure 10: Surface of the selective membrane as a function of the permeate
pressure. (a) KH2 = 8.5 × 10−3 mol/(m2 s Pa0.5) and (b) KH2 = 8.5 × 10−4

mol/(m2 s Pa0.5).

Figure 10 for different values of pperm and of KH2 .

yH2(A) =
nH2,syn −

∫ A

0
JH2dA

ntot(A)
. (5)

In eq. (5) nH2,syn represents the moles of H2 in the syngas after the WGS,
and ntot(A) represents the total number of moles.

In Figure 10 we identify the area A yelding yH2(A) = 1.05ymin
H2,ret

. Such
area is comprised between 2.15 m2 and 2.72 m2 for KH2 = 8.5 × 10−3

mol/(m2 s Pa0.5) and between 0.21m2 and 0.27m2 for KH2 = 8.5 × 10−3

mol/(m2 s Pa0.5). As expected, in both cases, the larger is the permeate
pressure, the larger is the required membrane surface. In the following
KH2 = 8.5× 10−3 mol/(m2 s Pa0.5) is considered for all the models.

4.2 Substitution of the PSA with selective membranes

Substituting the PSA with selective membranes is the most straightfor-
ward way to integrate them within the reforming section of the AutoRe plant.
Yet, some minor plant modifications are required as evidenced in Figure 11.
The membrane separator is placed immediately after the WGS because its
working temperature is compatible with the one of the syngas after the WGS.
De-hydration is not required because the relatively high temperature avoids
water condensation in the membrane separator. Pure hydrogen and reten-
tate are released at high temperature (320◦C) and are utilized to pre-heat
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Figure 11: Schematic overview of the energy conversion plant with mem-
brane separator after the WGS.

the water necessary for the steam reforming. We assume that the H2 stream
is kept at 1.2 bar after the membrane separator. The membrane surface
ASEP

memb = 0.286m2 is necessary to obtain a H2 concentration in the retentate
yH2,ret = 1.05ymin

H2,ret
(see section 4.1 for further details).

The electrical efficiency of the FC (Fig. 13(a)) in nominal conditions is
not modified with respect to results of the reference case (Fig. 9(a)), being
only function of the H2 mass flow rate (Figs. 8(a), and 12(a)).

This fuel processor configuration produces the nominal hydrogen mass
flow rate (i.e. ṁH2 = 3.1 kg/h) processing a total natural gas mass flow rate
ṁNG = 10.34 kg/h. Such a mass flow is split in two parts ṁREF

NG = 9.45 kg/h,
and ṁBURN

NG = 0.886 kg/h, that are fed to the reforming and oxidation side of
the HIWAR respectively. In this case, the natural gas mass flow rate fed to
the burner is higher than that registered for the reference case (see Section
3). However, the total natural gas mass flow rate is close to that fed to the
reference power plant presented in Section 3, that is ṁNG = 10.4 kg/h. The
separation process in the membrane unit is in fact more efficient than that
in the PSA. As a consequence, less natural gas in the reformer is required
to produce the same amount of hydrogen. However, the tail gases have less
chemical energy, and more natural gas has to be fed the oxidation side of the
HIWAR. We note that the cogenerated heat (Fig. 12(c)) at nominal electric
power (i.e. 50 kW) is about 5 kW lower than values reported for the reference
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ṁCH4 [kg/h]

Q
C
o
g

[k
W

]

(c) Cogenerated heat

Figure 12: Energy and mass fluxes of the power plant with enhanced thermal
integration and with selective membranes as purification unit as functions of
the natural gas input: (a) Hydrogen produced by the fuel processor; (b) Net
electrical power of the FC; and (c) Cogenerated heat.
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Figure 13: Efficiency of the power plant with enhanced thermal integration
and with selective membranes as purification unit: (a) Efficiency of the fuel
cell; (b) Electrical efficiency of the plant; and (c) First law efficiency of the
plant. The blue band between the two lines in the graphs b) and c) identifies
the performance with and without including the work needed to compress the
natural gas at the fuel processor inlet.

case (Fig. 8(c)).
The power plant electrical efficiency (Fig. 13(b)) is about 1% higher than
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  in the reference case (Fig. 9(b)).
We note that the nominal value of the first law efficiency is not signifi-

cantly influenced by the substitution of the PSA with selective membranes,
being the electrical efficiency a bit higher, but the cogenerated heat a bit
lower.

4.3 Integration of the selective membrane in the WGS
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Figure 14: Schematic overview of the energy conversion plant with mem-
brane separator integrated within the WGS.

Selective membranes can be directly integrated in the WGS reactor. In
this configuration pure H2 is extracted from the WGS through the H2-
selective membranes. This results in an enhanced shift of the chemical equi-
librium of the WGS reaction towards the product side. Figure 14 reports a
schematic of such a plant configuration.

Following the approach in [18] the WGS membrane reactor is modeled
through as sequence of equilibrium reactors and selective membrane separa-
tors schematically represented in Figure 15. In each reactor the shift reac-
tion proceeds until chemical equilibrium. The membrane surface AWGS

memb =
0.260m2 is necessary to obtain at the exit of the reactor a H2 concentration
in the retentate yH2,ret = 1.05ymin

H2,ret
(see section 4.1 for further details). A

preliminary study assessed the sensitivity of the modeling procedure to the
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Figure 15: Schematic of the modeling procedure for the WGS with selective
membrane.

numbers of WGS-membrane steps. The variation of the H2 concentration in
the retentate is lower that 1% by increasing the steps from 5 to 6. Thereafter,
6 WGS-membrane steps are utilized in the sensitivity analysis. We comment
that this sequential operation is merely a numerical discretization procedure
necessary to capture the variation the H2 concentration along the length of
the reactor within the Aspen One environment, that is characterized by a
lumped parameter approach.
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Figure 16: Energy and mass fluxes of the power plant with enhanced thermal
integration and with selective membranes integrated in the water gas shift
reactor as functions of the natural gas input: (a) Hydrogen produced by the
fuel processor; (b) Net electrical power of the FC; and (c) Cogenerated heat.

In this case the total natural gas mass flow rate ṁNG = 10.1 kg/h is fed
to the HIWAR and is composed of a part going to the reformer side ṁREF

NG =
9.21 kg/h, and of a part going to the oxidation side ṁBURN

NG = 0.868 kg/h. The
electrical efficiency (Fig. 17(b)) is about 4% higher than that registered for
the reference case (Fig. 9(b)). In nominal conditions the maximum electric
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Figure 17: Efficiency of the power plant with enhanced thermal integration
and with selective membranes integrated in the water gas shift reactor: (a)
Efficiency of the fuel cell; (b) Electrical efficiency of the plant; and (c) First
law efficiency of the plant. The blue band between the two lines in the graphs
b) and c) identifies the performance with and without including the work
needed to compress the natural gas at the fuel processor inlet.

efficiency increases form 36.1% for the reference case, to 37.4% for this power
plant with selective membranes integrated in the water gas shift reactor. In
fact, the total natural gas mass flow rate fed to the HIWAR is lower than
that of the reference case, that is ṁNG = 10.4 kg/h, while the nominal electric
power is always 50 kWEl.

The cogenerated heat (Fig. 16(c)) at nominal electric power is about 5
kW lower than values reported for the reference case (Fig. 8(c)), however
the first law efficiency is not significantly influenced by the integration of
selective membranes in the water gas shift.

4.4 Integration of the selective membrane in the re-
former

Selective membranes can be directly integrated in the reformer side of
the HIWAR reactor. In this configuration, pure H2 is extracted from the
reformer through the H2-selective membranes. This results in an enhanced
shift of the chemical equilibrium of the reforming reaction towards the prod-
uct side. Figure 18 reports a schematic of such a plant configuration. The
fuel processor scheme is drastically simplified with respect to the reference
configuration 11, in fact the membrane integrated reformer produces the re-
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Figure 18: Schematic overview of the energy conversion plant with mem-
brane separator integrated within the reformer side of the HIWAR reactor.

quired pure H2. The water gas shift reactor is not necessary because the
CO mass flow rate in the retentate is just 1.68% of the total pure hydrogen
produced, much lower than 3.20% observed for the reference case.

We follow the modeling approach presented in Section 4.3, using 6 dis-
cretization steps for the membrane integrated reformer. The membrane sur-
face AREF

memb = 0.250m2 is necessary to obtain at the exit of the reactor a H2

concentration in the retentate yH2,ret = 1.05ymin
H2,ret

(see section 4.1 for further
details).

In this configuration the working pressure of the reformer side of the
HIWAR reactor is increased from 12 bar up to 35 bar in order to exploit the
selective membranes performance advantages, as explained in Section 4.5.

The minimum natural gas mass flow rate that can be processed in the
HIWAR of the reference fuel processor is 50% of the nominal value. However,
in this case the HIWAR is completely different in the construction, so we
cannot determine a priori the minimum possible set-point. As a consequence,
the sensitivity analysis is performed until a minimum natural gas mass flow
rate that is 10% of the nominal value.

The total natural gas mass flow rate fed to the HIWAR is ṁNG = 9.52 kg/h,
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Figure 19: Energy and mass fluxes of the power plant with enhanced thermal
integration and with selective membranes integrated in the reforming side of
the HIWAR as functions of the natural gas input: (a) Hydrogen produced by
the fuel processor; (b) Net electrical power of the FC; and (c) Cogenerated
heat.
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Figure 20: Efficiency of the power plant with enhanced thermal integration
and with selective membranes integrated in the reforming side of the HIWAR:
(a) Efficiency of the fuel cell; (b) Electrical efficiency of the plant; and (c)
First law efficiency of the plant. The blue band between the two lines in the
graphs b) and c) identifies the performance with and without including the
work needed to compress the natural gas at the fuel processor inlet.
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  of which ṁREF
NG = 6.90 kg/h to the reforming side, and ṁBURN

NG = 2.62 kg/h to
the oxidation side. The electrical efficiency (Fig. 20(b)) is about 10% higher
than that registered for the reference case (Fig. 9(b)). In nominal conditions
the maximum electric efficiency increases form 36.1% for the reference case,
to 39.9% for this power plant with selective membranes integrated in the
reforming side of the HIWAR reactor. This is possible mainly for two rea-
sons: (i) shift of the reforming reaction towards products; (ii) better thermal
integration for heat recovery in the reacting fluxes.

The cogenerated heat (Fig. 19(c)) at nominal electric power is about 10
kW lower than values reported for the reference case (Fig. 8(c)). However
the first law efficiency (Fig. 20(c)) is slightly higher than the reference values
(Fig. 9(c)), as a consequence of the higher electrical efficiency.

4.5 Effect of the permeate pressure

We study the effect of the reformer pressure, in order to establish the
optimal operating conditions for power plant with enhanced thermal inte-
gration and with selective membranes integrated in the reforming side of the
HIWAR. Literature data for the simple reforming reaction [11, 14] are not
valid in this case. In fact, the presence of hydrogen separation through se-
lective membranes, that is a function of the pressure gradient, might change
the optimal operating conditions. In addition a sensitivity analysis to the
applied membrane surface area is performed. We define the fuel processor
efficiency taking into account also the effect of auxiliaries as follows:

ηtot
fp =

ṁH2HiH2 −W ref
aux

ṁNGHiNG
. (6)

Results for ṁREF
NG = 6.90 kg/h, with KH2 = 8.5×10−3mol/

(
m2sPa0.5

)
, are

reported in Figure 21. The power required from the auxiliaries is evaluated
assuming the natural gas coming from the grid at 1 bar

We note, from Figure 21, that ηtot
fp varies in the range [63.0 %-81.5 %],

as a function of the reformer pressure and of the applied membrane surface
area. In fact, the fuel processor total efficiency increases augmenting such
parameters. However, we also note a saturation in the performance increase.
We consider in this analysis the fuel processor total efficiency ηtot

fp , defined in
eq (6), in order to take into account the effects of the pressure rise in the work
required by the auxiliaries. Summarizing, AREF

memb = 0.250m2 and pREF =
35.0 bar should be considered as a techno-economic compromise. In fact,
decreasing these two values results in a reduction of the performance. On
the other hand, further increasing them is unnecessary because the efficiency
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Figure 21: Fuel processor efficiency as a function of the reformer pressure
pREF, and of the applied membrane surface area AREF

memb. The power required
from the auxiliaries is evaluated considering the natural gas coming from the
grid a 1 bar.

improvement would be marginal and would not compensate the higher cost
of the overall energy plant.

For pREF > 30 bar and AREF
memb ≥ 0.200m2 the efficiency curves collapse.

Nevertheless, Figure 21 evidences that, when the membrane surface is too
small (e.g. 0.100m2) ηtot

fp is significantly lower compared to the other cases,
even for pREF = 50.0 bar.

5 Absorption chiller modeling
The cooling system studied is a H2O/LiBr half-effect absorption chiller

[6, 10, 12, 20], whose Dühring schematic is reported in Figure 22.
The half-effect absorption chiller is a three pressure level machine [12].

The low and high pressure levels are identical to traditional single effect ab-
sorption chillers. The intermediate pressure level generator produces refriger-
ant water vapor that is absorbed in absorber 2. In generator 2 the H2O/LiBr
solution is heated again at high pressure to generate the refrigerant that then
flows in condenser, evaporator, and absorber 1, as usual.

The generators can operate at a temperature in the range [60 ◦C, 80 ◦C]
[6, 10, 12, 20] thanks to the intermediate pressure level. Thermal energy
in such a temperature range would not be exploitable through a traditional
single effect absorption chiller.
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Figure 22: Half-effect absorption chiller Dühring schematic.

We model the half-effect absorption chiller within the AspenPlus R© en-
vironment. Due to the low pressure of the water/lithium bromide solution,
we compute the thermodynamic properties of working fluids through the ac-
tivity coefficient method. Specifically, we use the Redlich-Kwong equation
of state [16] for the vapor-phase properties together with the Non-Random
Two Liquid (NRTL) model [17] for the liquid solution. Such an approach
is implemented in AspenPlus R© within the ELECNRTL property method.
In addition, for pure water streams, the steamNBS tables implemented in
AspenPlus R© are used [3].

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 refrigerant 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 considered Tenv = 30 ◦C.
To guarantee an effective heat exchange, such elements are operated at
Ta,1 = Ta,2 = Tc = 35 ◦C. As a consequence, their pressure is phigh = 5.80 kPa.
For off-design environmental conditions phigh is varied according to the tem-
perature variation.

We assume that the cooling fluid is released to the user at Tus = 10 ◦C.
Such an assumption implies that the evaporator is operated at a temperature
Te = 5 ◦C. To obtain evaporation at such a temperature, the lower level
pressure is fixed to plow = 0.873 kPa.

We consider the intermediate pressure level at pint = 2.00 kPa. Such a
value is commonly recognized to be the best trade-off to increase the overall
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  performance [5, 13, 19].
Given the temperature, Ta,1 = Ta,2 = 35 ◦C, and pressure at both low

and intermediate aborbers, it is possible to determine the minimum lithium
bromide concentration necessary to absorb all the refrigerant [2]. In absorber
1 we obtain xlow

LiBr = 56.0 % mass fraction, while at the intermediate pressure
level we get xint

LiBr = 46.0 %.
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.

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:

ηco,AC =
Ṗco,AC

Q̇g,1 + Q̇g,2
, (7)

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
generators: generator 1 and generator 2 in Figure 22. We represent the results
as functions of the following cooling set point:

ΦAC = Ṗco,AC/Ṗ
nom
co,AC, (8)

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

obtained by regulating the absorption chiller.
Figure 23 shows that the COP varies in the range [0.400, 0.430] as a

function of ΦAC. The COP variation is moderate because the generators
temperature is kept constant while varying ΦAC.

We comment that the COP value of the half effect absorption chiller is
considerably lower than the COP of a single effect absorption chiller. How-
ever, we note that only the half-effect absorption chiller allows to generate a
cooling energy effect from the low grade heat of the considered CHP system.

Environmental conditions also significantly influence the power and COP
of the absorption chiller, as evidenced in Figure 24. In this case, the most
relevant environmental variable is the temperature (Tenv). In fact, it influ-
ences both the condenser pressure and the LiBr concentration in the the low
pressure absorber (absorber 1). These two parameters affect the refrigerant
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 dramati-
cally reduced. At 35 ◦C the maximum cooling power is halved compared
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Figure 23: Half-effect absorption chiller coefficient of performance as a
function of the set point.

to Tenv = 30 ◦C. For 20 ◦C < Tenv < 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 Tenv reported in Figure 24.

6 Conclusions
This report studies different alternatives to the baseline plant configura-

tion aimed at improving the system performance and at implementing inno-
vative technologies, such as selective membranes separators. Three different
alternatives have been considered to enhance the CHP efficiency:

• Improving the electrical efficiency of the prime mover (i.e. the FC).
Such a result has been achieved by utilizing two 50 kW PEM FC to
convert the hydrogen instead of a single 50 kW fuel cell. This strategy
is effective, but significantly impacts the plant complexity and a careful
evaluation of the plant costs should be performed.

• Improving the thermal integration of the power plant subsystems. The
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Figure 24: Half-effect absorption chiller power and COP derating, as func-
tions of environmental temperature. Nominal conditions for Tenv = 35 ◦C.
Absorbers and condenser temperatures are 5 ◦C higher than Tenv.

baseline plant configuration dismisses a not negligible amount of ther-
mal power to the environment from the reformer section. This thermal
power can be recovered by properly sizing the heat exchangers and inte-
grating additional cogenerative heat exchangers. Properly using such a
thermal energy for heat of process recovery and for cogeneration would
improve the electrical efficiency of 3% and the fist law efficiency of the
CHP by 11.5% with a minor impact on the power plant configuration.

• Performing the H2 purification process with H2-selective membranes.
Selective membranes might improve the plant efficiency and reduce its
complexity if directly integrated in the water gas shift reactor, or in
the HIWAR reactor. Specifically, with selective membranes integrated
in the reforming side of the HIWAR reactor the electrical efficiency
increases up to 10%, while the first law efficiency is almost equal to
reference case.

We also studied the possible integration of a half-effect absorption chiller,
which can be directly integrated in CHP power plants producing low grade
thermal energy, such as the AutoRE CHP system. In this case all the heat
at a temperature of 75◦C can be exploited to obtain refrigerating power with
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  a coefficient of performance lower than 0.5.
Summarizing, while increasing the nominal power of the FC section has a

certain positive impact on plant performance, its adoption is subject to care-
ful economic evaluation since it increases the power plant capital costs. On
the other hand, thermal integration of the reformer improves the plant per-
formance without drawbacks and should be adopted. Selective membranes
integrated in reactors (and not used as standalone purification unit) allow sig-
nificant efficiency improvements and plant complexity reduction, especially
if integrated in the reforming side of the HIWAR reactor. However, the ef-
fective techno-economic advantages of the enhanced CHP power plants and
of the integrated half-effect absorption chiller has to be carefully assessed in
a real energy management scenarios study.
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