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� An optimal pressurization strategy can be defined as function of load.
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In a scenario characterized by an increasing penetration of non-dispatchable renewable

energy sources and the need of fast-ramping grid-balancing power plants, the EU project

GRASSHOPPER aims to setup and demonstrate a highly flexible PEMFC Power Plant,

hydrogen fueled and scalable to MW-size, designed to provide grid support.

In this work, different layouts proposed for the innovative MW-scale plant are simu-

lated to optimize design and off-design operation. The simulation model details the main

BoP components performances and includes a customized PEMFC model, validated

through dedicated experiments.

The system may operate at atmospheric or mild pressurized conditions: pressurization

to 0.7 barg allows significantly higher net system efficiency, despite the increasing BoP

consumptions. The additional energy recovery from the cathode exhaust with an expander

gives higher net power and net efficiency, adding up to 2%pt and reaching values between

47%LHV and 55%LHV for currents between 100% and 20% of the nominal value.

© 2021 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Renewable energy is at the core of Energy Union's priorities.

Very ambitious targets on the share of total energy con-

sumptions coming from RES are specified in the European

directives on the promotion of use of energy from renewable

sources [1,2] including a binding renewable energy target for

the EU for 2030 of 32%.

To reach these targets, a key contribution is given by

increasing the share of electricity production from RES.

However, the increasing penetration of non-programmable

RES may hinder the security and reliability of the trans-

mission and the distribution grids, being their generation

mainly uncertain and dispersed.

Many studies have investigated the effects that a high

penetration of RES have in term of backup generation and

storage needs [3e7]; analysing options for grid improvement

[8] and comparing introduction of storage systems as well as

grid extension and repowering [9]. The concept of Smart

Grid [10e12] is considered at international level, taking

advantage of the increased intelligence and flexibility of the

grid to facilitate the connection of Dispersed Generation

(DG) units, increase the reliability and security of supply and

allow the consumers to contribute in optimizing the oper-

ation of the system with Demand Response schemes.

Indeed, the use of distributed generation resources (Trans-

mission Integrated Grid Energy Resource) has already

emerged as an opportunity to enhance grid characteristics,

reducing line losses and providing local voltage support in

regions with poor load/generation balance [13]. Further-

more, moving away from the fit and forget approach of

connecting DG to electric power systems to a policy of

integrating DG into power system planning and operation

through active management of distribution networks allows

to overcome the key issues concerning the integration into

the electric power system of DG, allowing them also to

provide ancillary services [14].

It is therefore necessary to evolve the system to more

efficient networks. To be able to follow the sudden changes in

generation, it is necessary that enough flexible resources are

available and that the system planners have access to new

tools to understand the volatility in the net load and to map

that to a flexibility requirement [15]. In this framework, the

Clean Energy for All European package [2] has introduced new

electricity market design rules in order to help the energy

markets to include more renewables, empower consumers,

and better manage energy flows across the EU. With these

new energy market rules, prosumers (i.e. both producers and

consumers) are put at the heart of the transition: they are

enabled to participate actively in the energy market with De-

mand Response schemes and infrastructures, varying its

consumptions and/or production in response to price changes

to profit from the optimal price conditions, contributing to

grid efficiency and integration of RES.

Among all the sources of flexibility, MW-scale stationary

Fuel Cell Power Plant (FCPPs) based on low temperature Proton

Exchange Membrane Fuel Cells (PEMFC) are seen as flexibility

enablers for prosumers through the use of hydrogen, a source

for clean and CO2-free dispatchable and distributed electricity
generation [16]. PEMFC system have indeed very fast ramp

rates and excellent load following capabilities thatmake them

perfectly suited for grid balancing and participation to the

Ancillary Service market [17e21], resulting an essential tech-

nology for the future renewable based energy infrastructure.

In this framework, the GRASSHOPPER (GRid ASsiSting

modular HydrOgen Pem PowER plant) FCH-JU2 European

Project [22] aims to realize a next-generation MW-size PEM

FCPP, which is cost-effective and flexible in power output,

specifically designed for the provision of ancillary services to

the power grid.
Background and paper novelty

GRASSHOPPER project sets up and demonstrates an innova-

tive 100 kWel PEM FCPP unit, scalable to theMWsize, aiming at

analysing how distributed and fast-ramping fuel cell systems

can be used to provide grid support with a Demand Side

Management program. The project leverages previous expe-

riences from the previous European Project DEMCOPEM-2MW

[23,24] and aims at a substantial design re-optimization,

coherently improving MEA, stack and system together, to

achieve improved cost targets. In parallel to the development

of new stacks with improved performance, an important role

is played by the reduction of the cost of the FCPP balance of

plant components and the improvement of their dynamic

behavior. The optimal integration of components and the

definition of the plant layout is supported by modelling ac-

tivities that allow to simulate the stationary behavior of the

plant both at nominal point and at partial load operation,

analyzing the effects that different operating parameters (e.g.

backpressure, air stoichiometry, etc.) have on both gross FC

efficiency and net plant efficiency. Results obtained through

the modelling activities support future plant scale-up to MW-

scale, improving plant configuration and identifying the

optimal operating parameters for further developments.

Many studies in literature analysed PEMFC systems

designed for residential combined heat and power (CHP)

production. As an example, the optimal operating conditions

for a 1-kW PEMFC-based CHP system coupled with an apart-

ment house are determined in Ref. [25], while in Ref. [26] the

dynamic performance and transient response of a commer-

cial 1.2 kW PEMFC system are analysed. The system includes

the hydrogen supply system, an air compressor, a moisture

exchanger for air humidification and an air-based cooling

system. Results shows overshoot and undershoot behaviors

during transients. In Ref. [27], a pilot PEM Power Plantwith a 70

kWel fuel cell unit and utilizing by-product hydrogen from the

electrolysis of brine is described, reporting performance for a

period of five and a half years, showing cell reversible and

irreversible decay over 30,000 h of operation. In Ref. [28], it is

reported that a 50 kWel PEMFC pilot plant has been operated

4400 h using hydrogen originating from a sodium chlorate

production process after standard industry purification,

where the relatively low quality of hydrogen did not lead to

extensive cell degradation. The scale-up to a 2MWel FCPP

based on PEMFC, working in stationary conditions in indus-

trially relevant environment using hydrogen from a chlor-

alkali process, has been demonstrated in Ref. [23].
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Nevertheless, the studies about PEMFC systems in the

scientific literature are focused on their performance at

nominal or constant load, on the evaluation of voltage decay

issues, or deal with optimization for the fuel cell integration in

CHP systems. Their performance at partial load and in dy-

namic load-following conditions are usually not described.

The flexibility potential of PEMFC systems is instead

exploited for mobility application, in naval and mostly in

automotive systems. The use of a PEM fuel cell system for

maritime application is investigated in detail in Ref. [29],

analyzing the best operative strategy in terms of energy effi-

ciency, CO2 emissions and costs, in comparison with the

state-of-the-art solution for ships (fuel oil internal combus-

tion engines). A PEM fuel-cell-battery hybrid system, including

two parallel 28 kW PEM FC modules for the propulsion of a

20 m long tourist boat is developed and demonstrated in

Ref. [30]. The issue related to the energymanagement strategy

in vehicles with hybrid power system is investigated in

Ref. [31], proposing a battery-based solution to reduce fuel

consumption and power fluctuations. Differently from FC

system for stationary applicationwhich are generally working

at atmospheric pressure, FCs for automotive application

usually operate at 2e2.5 bar, typically using electric com-

pressors but also compressor-turbine arrangements [32]; as an

example, in Ref. [33] a preliminary design method for an on-

board turbine to recover energy from the exhaust stream is

proposed. In other cases, pressurization arrangements have

been studied for aeronautical applications [34].

Many studies have also focused on the development of

detailed models of the cells. A lumpedmodel of a single cell is

developed and validated in Ref. [35] and a general PEM fuel cell

model able to predict steady-state cell behavior, including

membrane aging, is described in Ref. [36]. A parametric study

of PEMFC performance, analyzing different operating tem-

peratures, cathode and anode humidification levels, and

operating pressures has been carried out in Ref. [37]. Other

studies focus on reproducing a single phenomenon, such as

oxygen mass transfer in the diffusion layer [38] or water

vapour diffusion in the diffusion layer [39], or the effect of

different cooling methods [40].

On the contrary, detailed stationary models of PEM FC

systems, including BoP components, are not easily found in

literature, especially formulti-kW or MW scale systems. As an

example, in Ref. [41], a zero-dimensional model of a 3 kWel

PEMFC cogenerative system for residential application has

been developed in Aspen Plus environment, to assess the

system performance varying the operating condition (tem-

perature, pressure and relative humidity). However, the

model includes only the FC stack and the heat exchangers for

heatmanagement, while details on the other BoP components

are not provided.

System models are instead developed for automotive sys-

tems, where control issues arise. In Ref. [42], a control-

oriented model of a PEM FC system for automotive applica-

tion is developed to investigate the system transient response.

In Ref. [43] a dynamic plant simulation model of a 75 kW FC

system incorporating the BoP components is developed and

used to improve the air supply subsystem, while in Ref. [44] a

dynamic model of a hybrid FC-battery system for application

in a vehicle is presented. However, the architecture of FC
systems for automotive applications has peculiarities, mainly

due to the limited space and weight issues. The FC stationary

power plant can exploit alternative technologies, maintaining

the dynamic and partial load performance of automotive

systems. Hence, the characteristics of MW-scale stationary

systems cannot be directly deducted from automotive FC

systems.

In this study, a stationary MW-scale PEM FCPP newly

designed for highly dynamic application (grid balancing) is

modelled and simulated. The model includes all the main

balance of plant components and their part-load operation.

The work presents a novel solution for the stationary FC sys-

tem layout and its operative strategy. Some of the features of

automotive systems are adapted to stationary layout and it is

proposed the possibility of pressurizing the system and

recovering also energy from the stack cathode exhausts. The

characterization of the fuel cell performance exploits semi-

empirical polarization curves, where the model parameters

are derived from experimental data acquisition on state-of-

the-art PEM cells, previously unpublished and presented in

detail in this work. The cell model includes the voltage

dependence on cell temperature, cathode backpressure, air

relative humidity and stoichiometry (see section ‘Polarization

curves’). These parameters are of great importance for system

optimization, which can differ strongly from single cell

optimal operating conditions; indeed the cell model is inte-

grated in the complete system and used for linked cell-system

optimization. Additionally, given the final purpose of grid

services provision, the model is used to analyze the plant

behavior over the entire range of operation (fromminimum to

maximum load), obtaining a complete operation map of the

system.

A detailed description of the innovative MW-scale plant

simulation model, based on the 100 kWel pilot plant layout

developed in the GRASSHOPPER project, is given in Section

‘PEMFC system layout’. A detailed description of themodelling

approach is then provided in Section ‘Modelling approach’

and the results of the system simulations are reported in

Section ‘Complete plant simulations results’. Since the fuel

cell performance is expected to increase at higher pressure

(thanks to a higher cell voltage) [45], simulations are per-

formed to study the behavior of the FC power plant when

operated at different pressures, from ambient to mildly pres-

surized conditions (0.7 barg). Two different system layouts are

considered, mainly differing for the presence of an air

expander for energy recovery, assessing the effects of pres-

surization on the performance of the entire system. The main

conclusions are synthetized in Section ‘Conclusions’.
PEMFC system layout

The plant layout simulated in this work has been proposed as

a possible scale up of the flexible pilot plant developed in the

GRASSHOPPER H2020 project. The main components

arrangement is shown in Fig. 1. The modular PEM Fuel Cell

includes several identical stacks, suppliedwith pure hydrogen

and air. In order to enhance performance and durability of the

cells, reactants humidity and pressure as well as cells tem-

perature have to be controlled. In this respect, dedicated

https://doi.org/10.1016/j.ijhydene.2021.01.085
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Fig. 1 e Simulated MW-scale FC plant configuration.
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reactants humidifiers and a cooling circuit using water-glycol

mixture have been included.

Pure hydrogen is assumed available at plant inlet at a

sufficiently high pressure (above a minimum of 2 bar),

avoiding a compression step. This assumption is reasonable

since hydrogen comes from upstream processes or from a

buffer tank that operates above atmospheric pressure. The

exhaust hydrogen from the anode outlet is recirculated to

increase the total hydrogen utilization factor by means of a

compressor. A purge valve on the hydrogen line avoids inert

gases build-up, while fresh pure hydrogen enters the system

in the humidifier.

Fresh air is compressed, humidified and fed to the FC

stacks cathode. The flexibility target of the plant requires

multiple compression units properly arranged in order to

grant the appropriate operating conditions in the full load

range of the FC. The compressor configuration selection is

discussed in section ‘Air compression unit layout selection’.

Both air and hydrogen humidification are performed in a

shower-type packed-bed humidifier to take advantage of its

scrubbing effect. A small amount of water is continuously

recirculated internally to the humidifier to be filtered, while a

purge removes the water produced in the FC avoiding build-

up. A network of heat exchangers and bypass pipes allows

to transfer heat from the cooling circuit to both humidifiers,

controlling accurately the temperature and consequently the

relative humidity of the reactants at the cell inlet. Finally, the

temperature of the coolant at FC stacks inlet is controlled in a

dedicated heat exchanger, using a separate external cooling

circuit. The coolant pump is regulated to vary the coolant flow

rate maintaining the design stacks temperature at any load.

The exhaust-air line can be designed according to two

different options:

- air exiting the FC cathode is cooled to condensate thewater

vapour and separate the demineralized water. Air is then
released into the atmosphere, flowing through a back-

pressure valve that controls the FC pressure.

- air exiting the FC cathode is first expanded in order to

recover useful energy. In this case, the expanders directly

provide mechanical power to the compressors; both the

machines adopt a similar volumetric technology and are

ideally placed on the same shafts. Air cooling, water re-

covery and release into the atmosphere are then per-

formed as in the first option. Other options for the coupling

of the expander with the compression unit (e.g. electrical

coupling) are also possible, but not considered here.
Modelling approach

The plant has been modelled using the process simulation

tool Aspen Plus® [46], a commercial simulation code for en-

ergy and chemical plants design and rating.

Standard components are available for all the main plant

units, with the exception of the PEM FC stacks, for which a

customizedmodel in the Aspen CustomModeler language has

been implemented.

The modelling activity aims at simulating both the pro-

posed layout options, mainly differing for the presence of the

air expander. For both options, the performances of the FCPP

while working in different operating points are analysed and

compared. The plant operating conditions are optimized,

investigating the effects of adopting different control strate-

gies both in nominal and off-design conditions.

PEMFC stack model

As mentioned above, a custom model is realized for the PEM

FC, using the Aspen Custom Modeler® language and consid-

ering a lumped-volume approach. Indeed, given the size of the

problem where thousands of cells are present, a detailed

https://doi.org/10.1016/j.ijhydene.2021.01.085
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description of the internal geometry of a single cell would

increase the computational cost without being necessary to

reproduce large scale effects, which are the object of this

work. The 0D model is actually able to calculate the produced

power on the base of regressed polarization curves and to

solve mass and energy balances on the stacks to determine

outlet gas flows composition and temperature, allowing to

evaluate the cells performance in different operating condi-

tions. Outlet gas pressure is also computed considering the

dependence of pressure drops in the channels on the volu-

metric gas flow rates.

Since the FC model has a modular structure, the lumped

model of a single cell is realized, solving mass and energy

balances and calculating the performance through semi-

empirical polarization curves. Then, the FC stacks are built

connecting several identical cells electrically in series. Finally,

the stacks are in turn electrically connected in parallel and/or

in series to reach the desired FC size. In this work, it is

assumed a reference size of 1 MW of gross DC power gener-

ation at the nominal cells operating conditions, as defined for

Grasshopper H2020 project [22] and reported in Table 1. De-

tails on the number of stacks and on the number of cells per

stacks are here omitted for confidentiality.

Throughout the paper we will often use the concept of fuel

excess and air excess with respect to the stoichiometric

values. The ratio of the air flow rate with respect to the stoi-

chiometric flow rate is labelled ‘air ratio to stoichiometry’ or

simply ‘air stoichiometry’. Similarly, the ratio of the fuel flow

rate with respect to the stoichiometric flow rate is labelled

‘fuel ratio to stoichiometry’ or simply ‘fuel stoichiometry’.

The semi-empirical current-voltage polarization curves

aim at reproducing the real cells performances. They are ob-

tained from simplification of the theoretical polarization

curve equation, regressing the coefficients on the basis of a

dataset obtained from experimental measurements on test

cells. Details are provided in section ‘Polarization curves’.

Polarization curves
In order to calibrate the fuel cell model parameters, a mea-

surement data set of the specific fuel cell is necessary.

Conversely, the simulation aims at designing the optimal

operating conditions for the fuel cell and thematching fuel cell

system, and since the fuel cell is not yet fully developed, no

specific measurement data are available. However, in the pro-

cess of designing the fuel cell, smaller test cells have been

manufactured and are used at ZBT with materials and specifi-

cations similar to the final ones, which enable early extrapola-

tion of the fuel cell performance by means of variousmethods.
Table 1 e Stack nominal operating conditions [22].

Nominal FC operating conditions

Current density 1.0 A/cm2

Air stoichiometry 2.0

Hydrogen stoichiometry 1.5

Air/Hydrogen averages RH 100%

Air backpressure (stack outlet) 0.1e0.7 barg barg barg
Hydrogen backpressure (stack outlet) 0.1e0.7 barg
Stack temperature 70 �C
Coolant temperature gain 10 �C
The design of the Grasshopper H2020 stackwill be based on

the “FFF-design” flow field of ZBT and the dimensions of the

channel and landing widths will be based on it. The “FFF-

design” flow field is designed to enable using the test cell

“quickCONNECT fixture” from balticFuelCells GmbH (a test

cell system for characterization of fuel cells with adjustable

contact pressure [47], in the versionwith 25 cm2 active area, to

operate at stoichiometries in a range from 1.5 to 5. The design

uses channel and landing widths in the range of 0.4 mm. The

test cell is integrated in a test rig where the cathode and anode

reactants are conditioned to defined dew points bymeans of a

bubble humidifier. After the bubble humidifiers, themedia are

fed to the cell via temperature-controlled pipes and tubes. The

outflowingmedia of the test cell are cooled, the liquid water is

separated and then the inlet pressure is adjusted by using a

pressure regulator. In order to condition the MEA, the cell is

operated several times in a cycle with loads in the high, me-

dium and low voltage range; the cycle includes hydrogen

starvation phases and provides a cooling down to 30 �C. After
the experimental determination of each polarization curve,

the cell is cooled for 30 min without load.

For the individual polarization curves, the MEA is condi-

tioned at 0.6 V for 60 min, with the specific operating condi-

tions to be investigated, and then the maximum current

density of 2.5 A/cm2 is approached. While this maximum

operating point is maintained for 30 min, the other current

densities are kept for only 20 min each. The last minute of

each operating point is used for further analysis.

The available dataset (Table 2) allows to evidence the ef-

fects on the voltage of three operating parameters: stack

backpressure, air stoichiometry and relative humidity of the

supplied air. The influence of the hydrogen stoichiometry is

not shown, because this parameter is kept constant in all

tests, therefore its effect is not included in the model; it is

however known from previous experiences that its influence

on cells performances is low [23]. In the entire dataset, the

supplied hydrogen relative humidity is kept constant at 50%

based on the cell temperature. All curves are available for

current densities between 0 and 2.5 A/cm2 and operating

temperature of 65 �C. The polarization curves are shown in

Fig. 2.

Comparison among curves characterized by the same

pressure at FC stacks outlet and different air ratios to stoi-

chiometry allows to study the effect of the air flow rate on the

cell voltage (Fig. 2b and d). The comparison among curves Pol 1

and Pol 6 (Fig. 2d), both obtained in mildly pressurized con-

ditions (backpressure 0.6 barg) but with different air stoichi-

ometry, shows that an increase of the air stoichiometry from 2
Table 2 e Polarization curves dataset characterization.

p [barg] Air RH [%] Air stoich. H2 RH [%] H2 stoich.

Pol 1 0.6 50% 2 50% 1.25

Pol 2 0.35 50% 2 50% 1.25

Pol 3 0.1 50% 2 50% 1.25

Pol 4 0.1 50% 3 50% 1.25

Pol 5 0.1 75% 3 50% 1.25

Pol 6 0.6 50% 3 50% 1.25

Pol 7 0.6 75% 2 50% 1.25

Pol 8 0.6 40% 2 50% 1.25

https://doi.org/10.1016/j.ijhydene.2021.01.085
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Fig. 2 e Experimental data. Every plot is showing a single parameter variation, polarization curve 1 (Pol 1) represents the

reference. Plot a) shows the influence of the operating pressure, plot b) the influence of the air stoichiometry at a pressure of

0.1 barg, plot c) the influence of an increased cathode humidity at 0.1 barg, plot d) the influence of air stoichiometry at 0.6 barg
and plot e) the influence of inlet air humidity at 0.6 barg.
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to 3 leads, while working at nominal current (1 A/cm2), to a

voltage gain equal to 1.8% of the voltage. The voltage gain

increases further with the current density, reaching about

2.9% at 1.5 A/cm2. On the contrary, by comparing curves Pol 3

and Pol 4 (Fig. 2b), both obtained with backpressure 0.1 barg
and with air stoichiometry equal to 2 and 3 respectively, the

voltage gain due to an increase in the air stoichiometry turns

out to be negligible (0.3% at 1 A/cm2).

Furthermore, comparison among curves characterized by

the same air stoichiometry and different pressure levels al-

lows to analyze the effects of pressurization on the cell voltage

(Fig. 2a). Comparison among the curves Pol 1 (mildly pres-

surized - backpressure 0.6 barg) and Pol 3 (not pressurized e

backpressure 0.1 barg), both obtained with an air stoichiom-

etry equal to 2, shows that operation at nominal current (1 A/
cm2) with a mild pressurization allows a small voltage gain,

nearly 2.5% of the voltage. The typical impact of the pressur-

ization on the kinetic region can be seen. This voltage gain

increases with the current density, reaching 3.5% of the

voltage value at 1.5 A/cm2. The positive effect on the voltage is

noted also by comparing Pol 4 and Pol 6, obtained bothwith air

stoichiometry equal to 3 and with backpressure equal to 0.1

barg and 0.6 barg respectively. In this case, the voltage gain is

equal to 4.6% of the voltage value at nominal current and to

6.9% at 1.5 A/cm2.

The influence of cathode humidity must be considered in a

differentiated way. In Fig. 2c, a positive effect can be illus-

trated by increasing the humidity. The low pressure here

means that the air does not saturate so quickly through the

product water and increased humidity at the inlet still has a

https://doi.org/10.1016/j.ijhydene.2021.01.085
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Table 3 e Polarization curve coefficients regressed on
experimental data.

Coefficient Regressed value

VOC 928.24 mV

Rohm �0.045 U$cm2

Gohm 0.837 -

Kact;1 �41.06 mV

Kact;2 5.62 mV

i0 4.86 mA/cm2

Kconc 126.50 mV

iL 2600 mA/cm2

Gconc 1.183 e
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very positive effect. At a pressure of 0.6 bar g (Fig. 2e), on the

other hand, the humidification of the reference curve (Pol 1)

already represents an almost optimal condition. Both an in-

crease (Pol 7) and a reduction (Pol 8) in humidity lead to

reduced cell voltages, which can be caused by blocked diffu-

sion paths (Pol 7) and reduced membrane conductivity (Pol 8).

Simplified polarization curve model
The polarization curves obtained by means of the experi-

mental cell tests are then included in the PEMFC model,

aiming at reproducing the performance of the real cells when

included in the complete system. The adopted polarization

curve formulation is shown in Eq. (1), where Vcell ½V� is the cell

voltage and i ½mA =cm2� is the cell current density. The first

term represents an apparent open circuit voltage, the second

term the ohmic losses, the third and the last terms represent

the activation and the concentration overvoltage respectively.

The structure of the equation is similar to the conventional

equations in literature [48], but it has been modified to make

explicit the influence of pressure and air stoichiometry ac-

cording to the experimental data evidences. Hydrogen con-

centration influence has been neglected according to

preliminary experimental data.

Vcell ¼ VOC þ Rohm;1�
xH2O

xH2O;ref

�Gohm
, i ; þ

0
B@Kact;1 þ Kact;2

 
p
pref

! xO2
xO2 ;ref

1
CA

, ln

�
1þ i

i0

�
; þ
 
Kconc ,

 
p
pref

,
xH2O

xH2O;ref

!Gconc
!
,ln

0
BB@1� i

iL,
p

pref

1
CCA
(1)

In this formulation, the effect of the air stoichiometry is

included considering the dependence of the activation over-

voltage on the oxygen concentration. The oxygen concentra-

tion (xO2
) is evaluated as an average between inlet ðxO2 ;inÞ and

outlet oxygen molar fraction ðxO2 ;outÞ. The use of the average

value makes the solution implicit but allows for including the

effect of utilization factor and water production. This value is

then made non-dimensional dividing by the oxygen molar

fraction reference value (xO2 ;ref Þ, computed in the case of

stoichiometric reaction (xO2 ;out ¼ 0Þ:

xO2

xO2 ;ref
¼ xO2 ;in þ xO2 ;out

xO2 ;in
(2)

xO2 ;in ¼ xO2 ;air

�
1�RHa;in $ xsat

�
(3)

where RHa;in is the relative humidity of the intake air and xsat is

the water molar fraction for air in saturated conditions,

evaluated at the average stack temperature.

xO2out ¼
xO2 ;in

�
1� 1

Sa

�
1þ xO2 ;in

Sa

(4)

where Sa is the air stoichiometry, defined as the ratio between

the air flow rate entering the stack and the one required to

have stoichiometric reactants.
This expression for xO2;out is obtained by a mass balance,

considering the whole amount of water at the cathode outlet,

i.e. inlet water flow plus produced water.

The voltage dependence on the air relative humidity is

introduced in the ohmic losses and in the concentration

overvoltage. The cathode water content is computed as

average between water molar fraction at cathode inlet ðxH2O;inÞ
and at cathode outlet ðxH2O;outÞ. This value is then normalized

vs. its reference value (xH2O;ref , see Eq. (5)), set equal to the

molar water fraction in saturated conditions, for which the

best cell performances are expected.

xH2O

xH2O;ref
¼ xH2O;in þ xH2O;out

2 xH2O;ref
(5)

xH2O;in ¼RHa;in$xsat (6)

xH2O;out ¼
xH2O;in,Sa þ 2,xO2 ;in

Sa þ xO2 ;in
(7)

The voltage dependence on the fuel relative humidity is

instead neglected, since no experimental data are available

to investigate the voltage dependence on the anode water

content (the anode relative humidity is kept constant at its

nominal value during stacks operation); however, the cor-

responding effect could be included using a similar

formulation.

The effect of the backpressure (p) is directly included in the

activation and concentration overvoltage, and indirectly

included in the terms containing the molar water fraction in

saturated conditions. The reference pressure (pref Þ is assumed

equal to ambient pressure.

The numerical values of the coefficients appearing in Eq.

(1), obtained from the experimental data regression, are re-

ported in Table 3. The parameters are regressed to minimize

the error between model and polarization curves data,

focusing on the range of current density where the cell will

generally operate (200e1000 mA/cm2).

Fig. 3 shows that the proposed equation fits with a good

approximation the experimental data for different back-

pressures and air stoichiometry (at fixed air relative humidity

e 50%) and for different air relative humidity (at fixed air

backpressure e 0.6 barg e and air stoichiometry e 2). The

random distribution of the residuals (Fig. 4) shows that the

chosen formulation catches the general behavior of the data.
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Fig. 3 e Comparison between experimental dataset and regressed polarization curves for different FC stack backpressure

and air stoichiometry (left) and different inlet air relative humidity (right).

Fig. 4 e Plot of residuals Vs current density.

Table 4 e Reference pressure drops and flow rates in FC
channels.

Dpref ½bar� Qref ½m3 =h�
Anode channels 0.15 0.116

Cathode channels 0.15 0.515

Coolant channels 0.6 0.024

Table 5 e Blowers main features [50].

Compressor type Max flow rate
[m3/h]

Engine power
[kW]

COMP-A 9120 355

COMP-B 5480 200

COMP-C 3540 132
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Relative errors are always below 1% for relevant currents

values (200e1500 mA/cm2).

Stacks pressure drops
The pressure drops of the fluid in the channels of the cells are

calculated as a function of the flow rate. Since velocities in the

flow field are low, the flow regime is laminar and the following

formulation for the pressure drops (expressed in bar) can be

considered:

Dp¼ lr
L
D

v2

2
þ
X

Kfr
v2

2
¼ lr

Le
D

v2

2
(8)

where the first term represents the distributed pressure drops

(depending on friction factor l, on the fluid density r, on the

length L and the diameter D of the channel, and on the fluid

velocity v) and the second term represents the concentrated

pressure drops (depending on the local pressure loss coeffi-

cient Kf , on the fluid density r and on the fluid velocity v).

Their contribution can be combined in a single term by

considering an equivalent circuit length Le. The assumption of

laminar flow field, for which l ¼ 64=Re [49], coupled with the
definition of volumetric flow Q ¼ vA (m3/s) where A is a cross

sectional flow area (m2), leads to:

Dp¼ lr
Le
D

v2

2
¼ 64m

rvD
r
Le
D

v2

2
¼ kQ (9)

where the pressure drop (DpÞ is a linear function of the volu-

metric flow rate (Q). Thus, assuming a reference value of

pressure drops (Dpref Þ at nominal conditions, where the flow

rate is Qref , the pressure drops obtained with different flow

rates are computed as:

Dp¼Dpref*
Q
Qref

(10)

The values of Dpref and Qref are reported in Table 4.

Air compression unit layout selection

Considering the required pressure increase and the nominal

flow rates, air compression is based on the use of volumetric

blowers. In particular, three models of rotary lobe compres-

sors have been selected, able to treat different air flow rates, as

detailed in Table 5. Based on contactswithmanufacturers, it is
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Fig. 5 e Air flow rates required by the fuel cell as a function

of the load and the air stoichiometry.
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assumed that the variable frequency-controlledmotor allows,

by changing the blower rotational speed, to decrease the air

flow rate down to 15% of the maximum value. Calculation of

the component performance is based on the blowers' effi-
ciency curves.

Thus, considering the range of air flow rates required by

the plant at different loads and air ratios to stoichiometry (see

Fig. 5), three different compression solutions were compared

in order to find the configuration that allows to supply air to

the FC stacks while minimizing the power consumptions:

- one compressor COMP-A, able to process themaximum air

flow required by the fuel cell;

- two compressors COMP-B, in parallel configuration;

- three compressors COMP-C, in parallel configuration.
Fig. 6 e Air compressor rotational speed as a function of the ai

800 mbar (left side) and 200 mbar (right side).
The rotational speed at which each compressor (or couple/

trio of identical compressors in parallel) have to work to pro-

vide a given air flow rate is shown in Fig. 6. The two graphs

refer to fixed pressure gains equal to 0.8 bar and 0.2 bar

respectively, that are the maximum and minimum pressure

gains expected for air in the FC power plant. Minimum and

maximum air flow rate required are also evidenced by vertical

lines. The first solution (only one compressor COMP-A, blue

line with circle markers) makes possible the operation at

maximum load and maximum air stoichiometry both at high

and low pressure. On the contrary, at low pressure and below

~480 mA/cm2 it is not possible to have air stoichiometry equal

to 2; while below ~350mA/cm2 the air stoichiometry cannot be

lower than 3. Thus, bleeding of a fraction of air after

compression would be required in order to control the air

stoichiometry, limiting the plant efficiency. A single COMP-B

compressor allows an air stoichiometry equal to 3 at low

pressure and minimum load (200 mA/cm2). A maximum air

flow of 1.8 kg/s is provided at high pressure, that is not suffi-

cient to work at maximum load (1500 mA/cm2), neither with

air stoichiometry equal to 2 nor 3. Hence, the installation of a

second compressor COMP-B in parallel configuration is

needed.With one compressor COMP-C it is possible to work at

the minimum load and air stoichiometry equal to 2, without

any air bleeding. However, two compressors of this type in

parallel configuration are necessary to increase the current

above ~1100 mA/cm2 while keeping the air stoichiometry at 2,

and three compressors are required for the plant to work at

maximum load and air stoichiometry equal to 3.

The total power consumptions of the different analysed

cases are shown in Fig. 7. It can be stated that there are no
r flow rate and compressor choice, with pressure gain
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Fig. 7 e Power consumption of the air compressor as a function of the air flow rate, outlet pressure 800 mbar (left side) and

200 mbar (right side).
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substantial changes in electrical consumption between the

various cases. Therefore, the choice of the compressor should

be carried out based on the possibility of controlling more

accurately and effectively the plant as well as based on eco-

nomic reasons. As it can be observed, the operating ranges of

parallel units are overlapping, allowing in certain air flow

ranges to operate the systemwith a different number of active

machines (e.g. a single unit at high load or two units at low

rotational speed) and frequent start-up or shutdown of the

units can be avoided.

Simulations in the following chapters are carried out

considering the intermediate solution, which represents a

reasonable compromise: installation of two compressors

COMP-B in parallel. It is assumed that only one compressor is

activated at low current density and that the second

compressor is switched on when the first one reaches the 80%

of its maximum rotational speed, that is for an air flow rate of

about 1.4 kg/s.

Balance of plant

The BoP components are all simulated through standard

components available in the unit operation models library of

Aspen Plus. BoP components are defined as a scale up of

similar smaller components installed in the 100 kW Grass-

hopper pilot plant, whose technical specifications are known

from the suppliers datasheets. Furthermore, themodels of the

BoP components are derived from models of similar compo-

nents, previously developed and validated in the EU project

DEMCOPEM [23,24].

The shower-type humidifiers that are adopted for both air

and hydrogen humidification are composed by a water tank

and a packed bed column. The water is pumped from the tank

and sprayed at the top of the column, while the gas enters in
the columns from its bottom. The gas flows through the col-

umn in counter-current direction with the water and leaves

the column fully saturated. Liquid water drops entrained by

the gas flow are removedwith a demister before the gas leaves

the packed-bed column. The humidification units are

modelled using the adsorption column model (RadFrac) from

Aspen Plus library. The column is discretized in 4 sections

along the flow direction, for which vapour-liquid equilibrium

is assumed. Constant values for the water recirculation flow

rates and for pressure drops are assumed.

The two air compression units described in section ‘Air

compression unit layout selection’ are simulated considering

the isentropic compression model (Compr) from Aspen Plus

library. Isentropic and mechanical efficiency are a function of

the operating conditions (i.e. flow rate and pressure gain), so

their values are here fixed interpolating on the compressor

performance maps.

For hydrogen compression a liquid-ring compressor is

installed. This kind of machine was chosen for its high reli-

ability, already demonstrated in previous projects [23,50], de-

spites its typical low efficiency. Moreover, it acts as a water

separator and hydrogen saturator. A constant water flow has

to be supplied to the compressor for maintaining stable the

internal water ring and to cool down the system. A specific

model for this component is not available, so the compressor

electrical consumption is imposed from available data

(5e65 kW, depending on hydrogen flow rate and pressure

drops) and the temperature and phase conditions of the

compressor outlet streams are obtained by solving an adia-

batic phase equilibrium flash calculation on the feed streams

(hydrogen and water).

The air expanders, installed only in the second case under

investigation, are volumetric machines. Each of them is

coupled with the compressor on a single shaft. They are
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simulated with the expander component from Aspen Plus

unit operation models library, as turbines with isentropic ef-

ficiency equal to 80% and mechanical efficiency equal to 90%.

The pumps for coolant fluid and humidifiers water circu-

lation have isentropic efficiency of 70% and mechanical effi-

ciency of 90%.

The heat exchangers are modelled in a countercurrent

configuration. In order to consider the behavior of the system

in variable conditions, the heat transfer area is calculated in

design phase and then fixed. Empirical correlations are used

to express the dependence of global heat transfer coefficients

and pressure drops on the flow rates:

U¼Unominal

�
_m

_mnominal

�4
5

(11)

Dp¼k, _V
2

(12)

where the values of k are computed in order to have Dpnom at
_Vnom. The nominal values refer to the design conditions, as

reported on the components' datasheets. The values ofUnominal,
_mnominal and k are summarized in Table 6.

Pressure drops of the reactants in the circuits from the

auxiliaries to the stacks and vice versa, as well as pressure

drops of the coolant circuit, are calculated as function of the

flow rate and circuit geometry using the Pipe model from

Aspen Plus library.
Complete plant simulations results

The FCPP model is used to simulate the behavior of the FC

power plant in different operating conditions, in order to

identify the most efficient configuration and plant operating

strategy. With the scope of offering ancillary services to the

electric grid, the plant operatesmost of the time at partial load.

Consequently, awide rangeof currents is considered: from20%

to 150% of the nominal current value (which is 1 A/cm2, so that

the explored range is 0.2e1.5 A/cm2).

In addition, the simulations aim to investigate the behavior

of the plant while working in mildly pressurized conditions

(up to 0.7 barg) and to assess the effectiveness of installing the

air expander, in order to evidence in which conditions it may

bring significant advantages.

The following constraints on the fuel cell operating con-

ditions are imposed in all the simulation cases:

- air stoichiometry is kept constant at the nominal value by

adjusting the air flow rate by varying the air compressors

rotational speed.
Table 6 e Coefficients for heat transfer and pressure
drops calculations in heat exchangers.

Heat exchanger Unominal�
kW
m2K

� _mnominal�
kg
s

� k�
bar
m3=s

�

Coolant e external circuit 2.96 54.6 �47

Coolant e water for air humidifier 3.17 13.9 �197

Coolant e water for H2 humidifier 6.2 15.1 �252
- the hydrogen flow rate processed by the liquid ring

compressor is limited in a narrow range, so the hydrogen

stoichiometry changes with the load. This has a minor

impact on cell performance as discussed in section ‘PEMFC

stack model’.

- the coolant flow rate is regulated by changing the pump

rotational speed, aiming at limiting the temperature gain

over the stack.

- the reactants temperature at air humidifier outlet is

controlled to obtain an average 100% relative humidity for

the air over the stack, while for the hydrogen the relative

humidity at stack inlet is a constant value (50% related to

65 �C).
- Ambient temperature is assumed equal to 15 �C, however

different values for the ambient temperature do not lead to

significant changes in the results. Indeed, the heat gener-

ated in the stack is sufficient to keep the stack at the

nominal temperature, even when ambient temperature

decreases. Thus, only the coolant flow rate slightly

changes.

The first performance index is the gross efficiency, that

considers the PEM fuel cell only (Eq. (13)). The second index is

the net efficiency that represents the overall efficiency of the

plants: electrical production is depurated from the DC/AC

inverter losses (assuming the inverter efficiency hinverter equal

to 95%) and from auxiliary power consumptions, including

compressors and pumps consumptions. The energy input to

the system is computed according to the Lower Heating Value

(LHV) of the consumed hydrogen. Therefore, gross and net

efficiency are expressed as:

hGROSS ¼
PFC

_mH2
$LHV

(13)

hNET ¼
PFC$hinverter � Pauxiliaries

_mH2
$LHV

¼ PNET

_mH2
$LHV

(14)

The gross power output and the corresponding gross effi-

ciency are shown in Fig. 8. For any given gross power output,

the gross efficiency increases by rising the backpressure and

the highest gross efficiency is obtained with the highest
Fig. 8 e Gross efficiency Vs Gross power, for current

densities ranging between 20% and 150% of the nominal

value and for different levels of stack pressurization.
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simulated value of backpressure (0.7 barg). Indeed, it is a direct

consequence of the voltage increase given by the FC polari-

zation curves analysed in section ‘Modelling approach’.

Therefore, by pressurizing the cells it is possible to obtain the

same gross power with a lower current density and higher cell

efficiency. At the same time, since the range of currents in

which the cells operate is fixed (20%-150% of nominal current),

with higher backpressure it is possible to generate slightly

higher gross power. As shown in Fig. 8, the maximum gener-

ated gross power increases from 1343 kW to nearly 1441 kW

moving from 0.1 barg to 0.7 barg.

Therefore, from the point of view of the fuel cell alone,

pressurization appears to be always favourable. Anyway,

pressurization involves changes also in the balance of plant

consumption.

In the first case, where the expander is not installed, the

auxiliary consumption is due to compressors and pumps only.

The share of gross power that is consumed by the auxiliaries is

shown in Fig. 9 for operation at nominal current, with mini-

mum and maximum backpressure. The share of power con-

sumption related to the compressors results always above

87% of the total auxiliary consumption. Similar results are

obtained for different currents and at intermediate pressures.

In the second case, where the expander allows to recover

energy from the cathode exhaust air, the total consumption is

decreased by the expander power generation. The compres-

sors power consumption and the expander power generation

are shown as a function of the gross power, respectively in

Figs. 10 and 11. As expected, both the air compressors con-

sumption and the expanders generation increase by

increasing the FC gross power (due to the increased air flow

processed by the units) and by increasing the FC stacks
Fig. 9 e Share of auxiliary consumption on the gross power

production, at nominal current density (i ¼ 1 A/cm2) with

cathode backpressure equal to 0.1 barg (above) and 0.7 barg
(below). Case without expander.
backpressure (due to the increased pressure change). On the

contrary, the hydrogen compressor works with a narrow

range of volumetric flow rates, therefore its consumption

variation is mainly determined by the variation in the pres-

sure gain that it has to provide. This last parameter depends

on the pressure drop in the hydrogen recirculation loop that is

proportional to the volumetric flow rate. Therefore, the

hydrogen compressor consumption increases by increasing

the FC gross power (higher current density, hence higher

hydrogen flow to the FC stacks) but decreases by increasing

the FC stack backpressure (lower volumetric flow rate at

higher pressures, for a given mass flow rate).
Fig. 10 e Air and hydrogen compressors power

consumptions Vs gross power, for current density ranging

between 20% and 150% of the nominal value and for

different levels of stack pressurization.

Fig. 11 e Air expander power generation Vs FC gross

power, for current density ranging between 20% and 150%

of the nominal value and for different levels of stack

pressurization.
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Fig. 12 e Auxiliary consumption vs gross power (left side column) and net efficiency vs net power (right side column), for

current densities ranging between 20% and 150% of the nominal value, for different levels of stack pressurization, with and

without an air expander for energy recovery.
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The resulting total auxiliaries power consumption and the

net efficiency of the plant are shown in Fig. 12 as a function of

the FC gross and net power respectively.

For the cases without expander, a pressure gain always

leads to higher power consumption from the auxiliaries,

independently on the current density. Indeed, when the
backpressure is increased, the air compression consumption

rises faster than the drop in hydrogen compression

consumption.

Without the expander, the net efficiency variation with the

backpressure at a fixed net power depends on the net power

itself. At low values of net power, the minimum net efficiency
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Table 7 e Plant performances for increasing backpressure, with and without expander, at full and partial load.

p [barg] i [A/cm2] Pgross [kWel] hgross [%LHV] Without expander With expander

Pnet [kWel] hnet [%LHV] Pnet [kWel] hnet [%LHV]

0.1 0.2 246.79 62.01 213.13 53.56 214.19 53.82

0.6 666.06 56.16 590.73 49.81 593.40 50.03

1 1016.89 51.51 878.93 44.53 882.93 44.73

0.3 0.2 249.13 62.60 213.56 53.66 217.59 54.68

0.6 676.05 57.00 591.28 49.86 603.23 50.86

1 1033.35 52.35 886.09 44.89 905.67 45.88

0.5 0.2 251.29 63.15 212.40 53.37 218.80 54.98

0.6 684.41 57.71 588.70 49.64 607.73 51.24

1 1049.80 53.18 888.92 45.03 920.41 46.63

0.7 0.2 253.58 63.72 210.46 52.89 218.78 54.97

0.6 693.11 58.44 585.38 49.36 610.12 51.45

1 1066.18 54.01 889.25 45.05 930.25 47.13

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 1 3 1 9 0e1 3 2 0 5 13203
is obtained at the highest pressure (0.7 barg) while the

maximum value is obtained at 0.3 barg. The situation changes

for higher net power: above about 750 kWel of net power

generation, the highest net efficiency is obtained at 0.5 barg
and the lowest at the minimum backpressure (0.1 barg).

Finally, above about 880 kWel net power, a further slightly

increase in the net efficiency is obtained increasing the

backpressure up to 0.7 barg. Therefore, the optimal operating

strategy would consider to operate at 0.3 barg at minimum

load, increasing then the stack backpressure up to 0.7 barg
while increasing the load. The maximum net electric effi-

ciency that the plant is able to reach by adopting this opera-

tion strategy is ~45%LHV at nominal current and up to ~54%LHV

when the current decreases to its minimum value.

On the contrary, with the expander, the pressure that

minimizes the auxiliary consumption is 0.3 barg and the one

that maximizes the consumption is 0.7 barg.

When the expander is present, it becomes possible to reach

both higher net power and higher net efficiency, especially in

pressurized conditions. Indeed, at 0.1 barg the net efficiency

gain brought about by the installation of the air expander is

not appreciable due to the very low expander pressure ratio.

At higher backpressure, the expander becomesmore effective.

The net efficiency gain with the introduction of the air

expander is equal to 1%pt at 0.3 barg, 1.6%pt at 0.5 barg and

2.1%pt at 0.7 barg. Furthermore, when operating with the

maximum current, at 0.7 barg a gain in the maximum net

power of nearly 61 kW is obtained. Finally, the highest net

efficiency is obtained at 0.7 barg for net loads above 600 kWel,

while for lower loads a slight increase (þ0.01% at minimum

load) in the net efficiency is obtained by reducing the back-

pressure to 0.5 barg. Thus, the plant can be practically oper-

ated at constant backpressure (0.7 barg), simplifying the

control of the system without impacting on the system effi-

ciency. Net efficiency up to ~47% LHV and ~55% LHV are reached

for current density equal to the nominal and the minimum

values, respectively.

Table 7 summarizes the values of net electric power gen-

eration and net electric efficiency, with and without the

expander, for increasing stack backpressure and in corre-

spondence to significant values of current density
(representing the minimum load, the nominal load, and an

intermediate load value). Hydrogen consumption varies be-

tween 133 Nm3/h at minimum current and 662 Nm3/h at

nominal current.
Conclusions

A stationary model of the newly proposed MW-scale PEM fuel

cell power plant, introduced as a possible scale up of the

innovative flexible 100 kW pilot plant developed in the

Grasshopper H2020 project, has been developed using the

simulation tool Aspen Plus®. The plant model includes a

custom model of the PEM FC stack, able to reproduce real cell

performances through semi-empirical polarization curves,

regressed on a current-voltage dataset obtained from previ-

ously unpublished experimental measurements on a test cell.

Balance of plant components are simulated based on the

standard library of components available in the software.

The model allows to simulate the plant behavior in

different operating conditions and to compare different layout

options. In this work, two layouts are compared, mainly

differing for the presence of air expander units, recovering

energy from the FC cathode exhaust air in order to drive the

compressor units. Simulations are set up to analyze the plant

performances for currents ranging from 20% to 150% of the

nominal value, since the plant has to work at variable load to

provide ancillary services to the electric grid.

Results show that increasing the pressure always allows to

increase the FC stack gross efficiency. From the complete plant

net efficiency point of view, also the auxiliary power con-

sumption has to be considered. The consumption related to air

and hydrogen compression is always above 87% of the total

auxiliaries. Hydrogen compressor flow rate changes are

limited, hence it consumes less at higher pressures and lower

current density, where the volumetric flow rate is lower. On the

contrary, air compressor consumption as well as air expander

generation increase with increasing current density and back-

pressure, due to the increased flow rate and pressure change.

In the casewithout the expander, the highest net efficiency

is obtained with a backpressure equal to 0.3 barg below 750
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kWel of net power generation, with a backpressure equal to 0.5

barg up to 880 kWel and with 0.7 barg backpressure for higher

values of net power.When the expander is present, it becomes

possible to reach both a higher net power and a higher net

efficiency, especially in pressurized conditions. The highest

net efficiency is obtainedwith a backpressure equal to 0.7 barg
above 600 kWel of net power generation; while for a lower net

power output the system efficiency slightly increases at 0.5

barg.

In conclusion, the installation of the expander allows to

increase the net efficiency and run at higher pressures in all

the operating range and, consequently, to reach a higher net

power output with a given hydrogen consumption (the net

electric efficiency is up to ~47%LHV at nominal current and up

to ~55%LHV at minimum current). Furthermore, while without

the expander the optimal operation strategy requires to

change the stack backpressure while changing the load, with

the expander it is possible to operate at constant pressure

without a negative impact on the net efficiency.
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Nomenclature

BoP Balance of Plant

FC Fuel Cell

FCPP Fuel Cell Power Plant

i Current density [mA/cm2]

LHV Low Heating Value [kJ/kg]
_m Mass flow rate [kg/s]

p pressure [barg]

P Power [kW]

PEM Polymer Electrolyte Membrane

RH Relative humidity [%]

Sa Air stoichiometry [�]

Vcell Cell voltage [mV]

xH2O Water molar fraction [�]

xO2 Oxygen molar fraction [�]

xsat Water molar fraction at saturation [�]

h Efficiency [%]

Subscripts

el Electric

g gauge

LHV Low Heating Value
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