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Abstract

The methanol-steam-reforming proton exchange membrane fuel cell system is an attractive
option for distributed cogeneration due to its low emissions, quiet operation, and low-cost fuel
storage. To further increase its energy efficiency, waste heat can be utilized for combined
cooling, heating, and power generation. However, the additional equipment, processes, and
streams required for cogeneration make the system design complex, with a large number of
degrees of freedom. To address this challenge, we propose an equation-based optimization
framework for the simultaneous heat integration and flowsheet optimization of the combined
cooling, heating, and power system based on the methanol-steam-reforming proton exchange
membrane fuel cell. The framework comprises a detailed modelling of methanol steam
reforming reaction, fuel cell performance, cooling/heating cogeneration systems, heat integration,
heat exchanger network synthesis and energetic-economic performance evaluation. Additionally,
the framework incorporates the sizing of the corresponding equipment, including the total length
of the reformer, scale of proton exchange membrane fuel cell stack, and absorption cooling
apparatus. Furthermore, it takes into account the operating conditions, such as the temperature

and pressure of methanol steam reforming reaction, the operating temperatures and pressures of
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the fuel cell stack and absorption cooling system. We apply the framework to a 1,000 kWe
combined cooling, heating, and power generation system, and the integrated design achieved an
energy efficiency of 88.50% and a levelized cost of electricity of 0.2374 $/kWh. The results
show that the simultaneous heat integration and flowsheet optimization can increase the system's
energy efficiency by 5.45 percentage points, exergy efficiency by 2.22 percentage points, and
decrease the levelized cost of electricity by 4.50% compared to a conventional design.

Keywords: Distributed generation, methanol-steam-reforming, proton exchange membrane fuel
cell, combined cooling-heating-power generation, simultaneous heat integration and flowsheet

optimization.

1. Introduction

Energy reform is usually at the top of the agenda for fending off the worsening effect of
rising temperature when discussing climate change (BP, 2022). Recent geopolitical conflict not
only triggered a short-term spike in energy prices, but also could prompt a long-term shift
towards more sustainable sources and higher efficient systems (Wang et al., 2020; Liang et al.,
2021a). Distributed generation becomes increasingly prominent in power generation for its
compatibility with advanced generation techniques (e.g. fuel cell) utilizing renewable fuels (e.g.
hydrogen and methanol) (Xu et al., 2015; Jin et al., 2019). Though the efficiency of such system
for sole power is generally lower than that of the centralized generation system, the distributed
generation often achieves higher cogeneration efficiency by combined heating and power (CHP)
or combined heating, cooling and power (CCHP) generation due to its proximity to end users
(Gao et al., 2014; Sun et al., 2019). As more and more distributed generation plants will be built
in the foreseeable future, it would be an achievement if effective tools for system design and
optimization can be developed to improve the economic and energy performances of distributed
systems.

CHP/CCHP systems can be categorized based on their prime movers (e.g. fuel cells (Sun et
al., 2021), solar collectors (Liu et al., 2018), biomass boilers (Su et al., 2020), turbines (Zhao et
al., 2019)). Particularly, fuel cell is one of the most promising prime movers applied in the
CHP/CCHP system on account of its high energy density, superior conversion efficiency, and
low emission (Wu et al., 2020). Solid oxide fuel cell (SOFC) and proton exchange membrane
fuel cell (PEMFC) dominate in fuel cell-based trigeneration systems (Ellamla et al., 2015).

Recently, there are some published reviews on the application of SOFC-based trigeneration
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system (Buonomano et al., 2015; Radenahmad et al., 2020). However, SOFC usually operates at
a high temperature (400-700°C) and emits carbon dioxide. By contrast, with an operating
temperature lower than 250°C, zero greenhouse gas emission and a shorter start-up time, PEMFC
is more desirable for a manageable, environmentally-friendly and flexible CCHP system. Chen et
al. (2015) proposed a 5 kW PEMFC-based residential micro-CCHP system and conducted an
analysis of its operating performance in summer and winter. Their results showed that the system
could achieve 70.1% efficiency at maximum in summer and 82% at maximum in winter. Chang
et al. (2017a) investigated a high-temperature PEMFC-based micro CCHP system, which
performed an average coefficient of performance (COP) of 1.19 in summer and 1.42 in winter.
They suggested that the system had a good prospect for residential application. Fan et al. (2022)
applied a PEMFC-based CHP system to produce electricity and heat for an eco-neighborhood in
North China with low greenhouse gas emissions, and its performance in eco-neighborhood
scenario under the electricity-led and thermal-led strategies was investigated. Zhao et al. (2022a)
adopted a novel PEMFC-based CCHP system for data center with high humidity requirements
and analyzed the dynamic characteristics and economic performance. They pointed out that the
scheme with parabolic trough solar collector as an auxiliary heat source could save about 62 kg
of hydrogen per day. Then, they proposed a multi-stack coupled power supply strategy to relieve
the power fluctuation of CCHP system (Zhao et al., 2022b). More research progress on PEMFC-
based multigeneration systems can be found in (Arsalis, 2019; Baroutaji et al., 2021).

Hydrogen has been widely accepted as a premium energy source for fuel cell-based
CHP/CCHP system. However, it is a challenging task to transport and store hydrogen due to its
inflammability and explosiveness (Safari et al., 2020). Thus, manageable hydrogen source is
acknowledged as a bottleneck in the development of fuel cell-based CHP/CCHP system. In
recent years, studies on CHP/CCHP systems integrated with hydrogen production and utilization
have gained traction (Zhao et al., 2022¢). As reported by Clarivate, there are currently over 100
publications specifically focused on fuel cell-based CHP/CCHP systems integrated with
hydrogen production. Such hydrogen production facility can be in the form of a fuel processing
system, generating hydrogen from fuels, such as natural gas and methanol, or in the form of an
electrolyzer for on-site generation of hydrogen from water (Baroutaji et al., 2021). Xie et al.
(2012) proposed a PEMFC-based CCHP system integrated with a natural gas processing unit, in

which hydrogen-rich syngas was generated through autothermal reforming reaction. Jannelli et al.
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(2013) focused on a micro-cogeneration system, which consisted mainly of a natural gas steam
reforming, a power unit, and a PEMFC. A maximum energy efficiency of 80% was obtained by
the system based on low-temperature PEMFC. Loreti et al. (2021) investigated a hybrid gas
turbine and PEMFC-based CHP system, in which the fuel processor relied on partial oxidation.
They stated that the system achieved an overall efficiency higher than 85%. Al-Nimr et al. (2017)
proposed a CCHP system integrated with geothermal cooling and an electrolyzer/fuel cell
storage unit, in which electricity was generated by the organic Rankine cycle and fuel cell, and
the electrolyzer took charge of the hydrogen production. They found that the system was
improved in its overall power generation efficiency by 15.72%-17.78%. Taking into account the
differences among various hydrogen production methods, Ercolino et al. (2015) conducted the
performance evaluation and comparison of fuel processors integrated with PEMFC. They
concluded steam reforming-based methods achieved higher efficiency than autothermal
reforming-based methods. In fact, methanol steam reforming (MSR) is often considered a better
choice because of its lower cost and higher efficiency (Authayanun et al., 2014; Chen et al.,
2018a). In addition, methanol, which is a liquid at atmospheric temperature, requires less storage
space and is more suitable for the distributed energy system, compared with natural gas. Wang et
al. (2017) proposed a fuel cell-based trigeneration system integrated with MSR powered by solar
thermal energy, whose energy and exergy efficiencies in summer could be up to 73.7% and
51.7%, respectively. Sarabchi et al. (2019) examined a PEMFC stack-based cogeneration system
integrated with a solar methanol steam reformer and a Kalina cycle. They found that the average
daily exergy efficiency was increased by 29.3%, while the total product unit cost and specific
carbon dioxide emission were cut down by 17.72% and 16.3%, respectively. Chen et al. (2020)
presented a micro-CCHP system integrated with geothermal-driven methanol reforming PEMFC
stack. Their research results showed that the novel system achieved an energy efficiency of
66.3% and a levelized cost of energy at 0.0422 $/kWh.

While integrating hydrogen production process with CCHP systems is energetically
advantageous, the designs are complicated due to the complex tradeoffs among large numbers of
design variables. As such, much effort has been dedicated to the modeling and optimization to
maximize performance of the systems. Asensio et al. (2017) applied artificial neural network to
conduct the performance evaluation of a PEMFC-based CHP system, and trained an artificial

neural network on a PEMFC-based cogeneration system through numerical tests. The results
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showed the model achieved high accuracy in predicting performance of the real-world system,
and they concluded that the model was suitable for techno-economic efficiency optimization.
Mamaghani et al. (2016) utilized genetic algorithm to perform a multi-objective optimization of
a PEMFC-based CHP system with the objectives of the net electrical efficiency and total capital
cost. They obtained an efficiency-economics balanced design with a cumulative net electrical
efficiency of 27.07% and a capital cost of 68,398 €. Subsequently, they adopted primary energy
saving index to search for the best operating point in terms of electrical and thermal efficiencies.
It was found that the system could operate with a net electrical efficiency up to 32.3% and a
thermal efficiency of 61.1% through the optimization (Mamaghani et al., 2018). Chen et al.
(2018b) performed a comprehensive multi-criteria analysis on a 5 kW PEMFC-based CCHP
system, which encompassed aspects related to thermodynamics, economics, and environmental
impact. This assessment was conducted through the utilization of a multi-objective non-
dominated sorting genetic algorithm-II (NSGA-II). Results showed that the system achieved an
exergy efficiency of 39.9%, an annual cost of $29,337.3, and a greenhouse gas emission
reduction of 18,200 kg at the final optimal design. Zhao et al. (2021) developed a multi-objective
optimization algorithm incorporated with the NSGA-II and ideal solution (TOPSIS) method to
evaluate performances of a novel PEMFC-based CCHP system applied to data centers. Results
indicated that the optimization led to significant improvement in energetic, exergetic, economic
and environmental performances, compared with the non-optimized system.

Although much has been done to optimize the design and operating variables (e.g. reaction
temperature) of distributed generation systems with fixed layouts, few studies have been
dedicated to simultaneous heat integration and process optimization in the field of PEMFC-based
CCHP. In general, a predetermined structure may restrict potential heat integration within the
system, leading to suboptimal design with higher energy cost and lower efficiency (Liang et al.,
2021b; Liang et al., 2022a). Thus, there is a strong incentive to optimize both the operating
conditions and heat integration/heat exchange networks (HENs) of distributed generation
systems. To the best of our knowledge, no published literature by far has been found that
investigates simultaneous heat integration and process optimization of the CCHP system with
methanol steam reforming and PEMFC.

Major contributions of this study are summarized as follows.
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® A mixed-integer nonlinear programming (MINLP) framework for methanol steam
reforming PEMFC-based CCHP system design is presented. The framework enables multi-
variate optimization ranging from equipment sizing and investment costs on reformer, fuel
cell stack and heat exchanger and so on, to operating conditions and costs, such as reaction
temperature and pressure, and raw material consumption.

® Heat integration model is embedded into the framework, along with equation of state for
thermodynamic properties estimation (e.g. enthalpy and entropy) and unit operation models
for physical/chemical process calculation (e.g. vapor-liquid separation and chemical
reaction kinetics), to realize simultaneous heat integration and flowsheet optimization for
the purpose of increasing energy conversion efficiency and reducing investment and
operating cost.

® As for the MINLP model, a tailored multi-step initialization procedure is designed for
boosting its solution efficiency, and a multi-start algorithm is developed to improve its
solution quality.

® A case study on distributed generation system design is presented to demonstrate the energy
efficiency of the proposed CCHP system with process integration and to illustrate the
effectiveness of the proposed optimization approach for complex system design.

The paper starts with a formal problem statement (Section 2), in which the description of
methanol-steam-reforming PEMFC-based CCHP system is given and the difficulties in realizing
simultaneous heat integration and flowsheet optimization are discussed. The optimization
framework with detailed models of the MSR process, PEMFC, and absorption cooling will be
presented in Section 3, along with the superstructure model for the HEN synthesis that realizes
the energy target. The initialization procedure and multi-start optimization algorithms that
resolve the computational difficulties in solving the proposed framework will be discussed in
Section 4. A case study on a 1,000-kWe distributed generation system design will be presented
in Section 5 to demonstrate the cost-effectiveness of the proposed integrated design in
comparison with a conventional design. Comprehensive analysis of the integrated system will

also be included. Finally, conclusions will be drawn in Section 6.

2. Problem statement

In this section, we present a formal statement of the flowsheet design and heat integration

problem for CCHP systems based on methanol-reforming PEMFC addressed in this study.
6
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Fig. 1 shows the schematic of a conventional CCHP system with methanol-reforming
PEMFC (C-CCHP (Chen et al., 2015)). This system will serve as a baseline case for comparison
with the proposed integrated design. It mainly comprises an MSR subsystem, a PEMFC stack, a
pressure swing adsorption (PSA) subsystem, and a lithium bromide absorption cooling
subsystem. Methanol/water mixture from the fuel tank is sent to the pump and pressurized,
preheated in the heat exchanger, and subsequently superheated at the superheater. The high-
temperature reactants are transformed into a hydrogen-rich mixture with unreacted methanol,
water vapor, carbon monoxide, and carbon dioxide in the MSR subsystem. Thermal energy of
the MSR subsystem effluent is recovered by the reactant feed of MSR subsystem, and the
effluent further cools down in the condenser. The cooled products are sent to the separator,
where the unreacted methanol and water are recycled and mixed with the fresh methanol/water.
On the other hand, the syngas flows into the PSA system and is refined to make pure hydrogen.
The pure hydrogen product is sent to the preheater and then to PEMFC stack to generate
electricity. Finally, the reaction heat produced from the PEMFC is recuperated by the single

effect absorption cooling (AC) system to produce hot water and cold water.
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Fig. 1 Schematic flowsheet of conventional methanol-reforming PEMFC-based CCHP system.

Fig. 2 displays the proposed CCHP system with process integration (PI-CCHP). Here, the
system can be categorized into six modules, namely a raw material supply and hydrogen
purification subsystem, a methanol-steam-reforming PEMFC, a single effect absorption cooling
subsystem, tail gas treatment equipment, process streams integration and a cooling tower. The
PI-CCHP system differs from the C-CCHP system in terms of its integration strategy. Here, the
process streams integration module acts as a “bridge” that connects each subsystem. Specifically,
the PI-CCHP system allows match of all potential heat exchange streams, unlike the traditional
C-CCHP system that only performs heat recovery between reactants and products of the MSR
system. For example, the unreacted hydrogen as purge gas, products of the MSR system and
combustion products from the boiler in PI-CCHP system are considered as hot streams of which
thermal energy can be recovered. The cold streams include air, reactants of the MSR subsystem
and purified hydrogen from the PSA subsystem. Furthermore, the tail gas treatment equipment is

a boiler in either the C-CCHP system or the PI-CCHP system that generates steam as hot utility

8
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Fig. 2 Schematic of the proposed CCHP systehl with process streams integfation (PI-CCHP).

1 t |
] ]
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This study optimized a 1,000-kWe scale CCHP system for efficient energy operation, and
evaluated its ability to provide electricity, heating, and cooling to over 300 households. The
study also conducted a comparison between the C-CCHP and PI-CCHP systems, and analyzed
the effects of various operating parameters on system performance. Major assumptions are listed

below.
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The system is in a steady state (Wu et al., 2021).
Stream mixing in the process streams integration module and the HEN is isothermal (Prendl
etal., 2021).
Heat loss and pressure drop in equipment are negligible unless stated otherwise in Section 3.
Efficiencies of the pumps are fixed (Marandi et al., 2021).
Hydrogen sent to PEMFC is assumed to be pure (purity = 100%), and composition of air is
assumed 21% of oxygen and 79% of nitrogen (Chen et al., 2016).

® Operating temperature and pressure of the PEMFC stack are the same as those of a single

fuel cell (Chang et al., 2017b).

3. Mathematical model

In this section, an MINLP model that simultaneously realizes the optimization of heat
integration and operating variables for the PI-CCHP system is developed. Subsequently, HEN of
the PI-CCHP system is synthesized via an HEN superstructure model based on the optimization
results of process streams. Mathematical model of the framework is summarized as (M1). The
objective is to maximize energy efficiency of the system (). Symbols and notations are listed
in the Nomenclature Section.

(M1)

max

S.t.

MSR module: Egs. (2)-(10), (S.4)-(S.15)
PEMFC module: Eqgs. (11)-(17), (S5.16)-(S.38)
PSA module: Egs. (S.39)-(S.42)

AC module: Egs. (S.43)-(S.51)

Heat integration module: Egs. (S.52)-(S.74)
Auxiliaries: Egs. (S.78)-(S.88)

HEN synthesis model: Egs. (S.89)-(S.106)
Performance evaluation: Egs. (18)-(29), (S.107)-(S.122)

3.1. Objective function

Energy efficiency of the system is given by Eq. (1).

10
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+ +
= (1)

CH3OH® CH30H

where is the net power output; and denote the heating load of hot water and

the cooling load of cold water generated from CCHP system, respectively.  cp,on 18 the total

consumption of methanol, and cHsoH Tepresents the higher heating value of methanol.

3.2. MSR module

The MSR subsystem is modeled as a reformer, packed with Cu/ZnO/Al,Os catalyst particles.
Methanol and steam enter the reformer where steam reforming reactions occur to produce
hydrogen. This subsection presents the principles of MSR reaction thermodynamics and kinetics
and details of the mathematical model of the MSR subsystem. The main chemical reactions

carried out in the MSR module can be found in the Supplement Information.

3.2.1. Thermodynamic constraints
Here, modeling of reaction thermodynamics is based on stoichiometric approach. Eq. (2)
calculates molar Gibbs free energy () of substance in stream .Molar enthalpy () and

molar entropy () are calculated by Eqgs. (3) and (4), respectively.

= .= , )
' = 0 =+ ’ , (3)

- e — — () , @
where and are the sets of process streams and substances in the MSR subsystem,
respectively. 0 and O represent the standard molar enthalpy and entropy of formation,
respectively. Moreover, _ is the heat capacity and stands for the ideal gas constant equal to

8.314 J/(mol-K).

The Gibbs free energy change ( ©) of reaction  can be obtained by Eq. (5). Eq. (6)
reveals the relation between Gibbs free energy change and chemical equilibrium constant ().
Eq. (7) defines the chemical equilibrium of reaction

0 — —

= | 5)

11
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_ ( ) -
TC )
where . refers to the stoichiometric number of substance in reaction , is the set of
reactions, the set of products, the set of reactants, and the sets of inlet and

outlet streams of the MSR subsystem, respectively.

3.2.2. Kinetic constraints

The methanol conversion limit can be obtained through thermodynamic model. In practice,
however, the reactions occurring in the reformer cannot reach the thermodynamic limit due to
the space constraints. Moreover, the size of reformer influences the investment of MSR system
significantly. Thus, the reformer is divided into several segments and the reaction rates of each
segment are obtained by kinetic analysis. Then, the lengths of each segment can be achieved by
the steady-state model equations, so as to optimize the total length of the reformer under a
certain methanol conversion rate. Here, the Langmuir-Hinshelwood macro kinetic model is
introduced briefly, and the steady-state model equations and supplemental equations of MSR
module can be found in the Supplementary Information.

The Langmuir-Hinshelwood macro kinetic model developed and corrected by Peppley et al.
(1999) is selected to estimate reaction rate of the MSR process, where Cu/ZnO/Al,03 catalyst is

used. Expressions of the reaction rate () for the three reactions are given as follows:

2
< CH30H> (1 H, €O, >
cHso) | — o5 - 1 1
30 ﬂf CHaOH (8)
CH30H 2 H20 05 0.5
[1+ CH30(1) <—0,5 >+ HCoo(1) H, €O, T oH) <—0,5 >l (1+ H(1 ) Hy
Hy Hy

2

( CH30H> (1 H, CO )
cHa02) \ — 05— B —
30@) ﬂf CH30H

CH30H H,O 05 05
I1+ CH30(2) <—3‘5 >+ OH(2) <—0.5>l 1+ Py

2 Hz

©)
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CO H»0 Hy, CO» 2
onw ( 325 > ( co H20> ( 1)

= 2 (10)
CH30H 05 Ho0
[1 +  cHz001) <—o.5 )+ HCOO(L) CO; Hy T OH(D) <—o.5 )l
Ha Hz
where is the rate constant of reaction . refers to the adsorption coefficient of reaction

intermediate , of which the detailed definitions can be found in (Peppley et al., 1997).
represents the partial pressure of component ,and ;, 4, , 5, and , are the total site
concentrations of site 1, 1a, 2, and 2a, respectively.  represents the surface area per unit mass

and  the density of catalyst.

3.3. PEMFC module

The PEMFC stack model is adopted from (Ahmadi et al., 2016). The PEMFC model
formulated in this work is comprised of two parts, namely an electrochemical model and a

thermal model.

3.3.1. Electrochemical model of PEMFC

The Nerst potential of single fuel cell ( ) consists of the output voltage (), the
activation polarization loss ( ), the ohmic polarization loss ( © ), and the
concentration polarization loss ( '), as defined in Eq. (11).

= + C+ o+ 1 (11)

can be calculated using Eq (12).
=1229-08x10"3( —298.15 )
(12)
+4.3085x 107> -In[ ,,( 0,)%°]

where refers to the operating temperature of fuel cell; , and , are the effective partial

pressures of hydrogen and oxygen, respectively, which can be calculated using Egs. (S.16) and
(S.17).

Actual voltage of a single fuel cell can be calculated using Eqgs. (11), (S.22)-(S.33).
Generally, a PEMFC stack includes many single fuel cells, and total power output ( ) from
the stack, therefore, can be obtained by Eq. (13).

= . . (13)

where denotes the number of single fuel cells in the PEMFC system.

13



301
302
303

304

305

306

307

308
309

310

311

312

313
314
315
316
317
318

319

3.3.2. Thermal model of PEMFC
Eq. (14) determines the energy balance of the PEMFC subsystem. The total energy

provided by electrochemical reactions (' ) consists of the net power output, the latent and
sensible heat (' ), and the net heat output (' ).
= ro—- - (14)
The available heat released due to electrochemical reactions is obtained by Eq. (15).
= W (15)
where H, 18 the higher heating value of hydrogen.

The latent and sensible heat absorbed can be calculated using Eq. (16).
= T T Ho H0 (16)

where represents the set of outlet streams in fuel cell; and refer to the sets of

substances at the inlet and outlet of fuel cell, respectively; and 4,0 is the latent heat of water.

Eq. (17) calculates the molar enthalpy of each substance in the fuel cell.

= , (17)

where and refer to the set of streams and substances in fuel cell, respectively.

3.4. Performance evaluation

3.4.1. Thermodynamic performance model

Net power output of the distributed generation system can be expressed as Eq. (18). In
addition, the heating output of hot water and cooling output of cold water produced by
trigeneration are calculated using Eqgs. (19) and (20), respectively. It should be pointed out that
only the heat content above 313.15 K for hot water is taken into account as heating output, as

stated in Eq. (19).

- - - - - (18)

=4.2 %103 ( + —31315 ) (19)
= (20)
Eq. (21) defines the power generation efficiency of the system ().

14



320
321
322

323

324

325
326
327
328
329
330
331

332
333
334
335

= 21)

CH30H" CH3OH
Eq. (22) states that the exergy efficiency of the trigeneration system (' ) is a ratio of the
sum of net power output, hot water ( ) and chilling water’s exergy ( ) to the

chemical exergy of methanol ( ch,0oH)-

+ +
= (22)
CH3OH

Here, , and  ch,oH Ccan be obtained by Eqs (23)-(25), respectively.

_ (‘) (23)
e

CH3OH =  CH3OH'  CH3OH (25)

where  chgoH 1s chemical exergy of 1 mol methanol under standard condition.

3.4.2. Economic performance model

Levelized cost of electricity ( ) is selected to evaluate the economic performance of the
distributed generation system. Expression of is given in Eq. (26), and it can be considered
as the lowest price at which (equivalent) electricity should be sold to pay off the total cost of the
system over its lifetime. Here, the numerator represents equivalent annual cost of the distributed
generation system. The denominator is the equivalent electricity generated by the system, where
heating and cooling produced are converted into equivalent electrical energy.

+ +

= : (26
+ + )
4 3
where denotes the capital recovery rate; o, , and are total investment, annual

operating cost, and annual fuel cost of trigeneration system, respectively, as defined by Egs.
(27)-(29) . In addition, is the annual operation time. Cost functions for each item of

equipment are listed in detail in Table S7.

B (27)
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=006 (28)
= ( chon cHsoH T Hy0 HZO) (29)
where is the set of subsystems in trigeneration system;  cp,on and  y,0 represent the

unit costs of methanol and water, respectively.

3.5. Model validation

We verify the proposed model by measuring the performance of main subsystems, which
include the MSR system, the PEMFC stack and the AC system, against the results reported in the
literature (Florides et al., 2003; Peppley et al., 1999; Ahmadi et al., 2016). As shown in Fig. 3 (a)
and (b), the simulation results are in good agreement with the reference results. The mean
relative error of methanol conversion rate is 1.14% for the MSR system and that of the actual
voltage is 0.83% for the PEMFC stack. Moreover, the model validation for the AC system

proves that the AC system model is accurate enough as its maximum relative error is 0.15%.

= 0.6 0.90
9 Model - 513.15 K Model
A A Peppley etal, 1999 - 513.15K o Ahmadietal, 2016
o 0.5} Model - 533.15 K 0761
g o Peppley etal., 1999 - 533.15K ’
O 04} o
s 2 062}
= [
< 0.3 on
= <
— ~—
g S 0.48}
= 0.2 >
=
MSR__
2 p>"=1.01 bar 0.34 F
8 0.1 Water-methanol ratio = 1.0
s S€=47.000 m*/kg
0.0 L L L L 0.20 1 L L L
0 2 4 6 8 10 12 0.0 0.3 0.6 0.9 1.2 1.5
cat jyMSR,in (k . /m 1) P 2
M [Jcpzon (KE S/MO Current density (A/cm”)
(a) (b)

Fig. 3 Model validation for (a) Methanol conversion rate of the MSR system and (b) Polarization

curve of single fuel cell.
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Table 1 Model validation for the AC system (Florides et al., 2003)

Items Model (Florides et al., 2003) Relative
error
Heating load of evaporator (kW) 10.00 (Input) 10.00 (Input) /
Heating load of absorber (kW) 13.42 13.44 0.15%
Heating load of generator (kW) 14.20 14.22 0.14%
Heating load of condenser (kW) 10.78 10.78 ~
Power consumption of pump (kW) 0.29 0.29 =
Coefficient of performance 0.70 0.70 =

4. Optimization strategy

The model presented in Section 3 includes large number of continuous variables (e.g.
operating temperature and pressure, molar flow rate of reactants and products), binary variables
(e.g. discrete decision variables in the heat integration model) and nonlinear constraints (e.g.
reaction equilibriums), making it difficult to be solved directly by off-the-shelf solvers. In this
section, a two-step method is introduced to tackle the challenges so as to achieve optimization
and HEN synthesis for the cogeneration system.

Fig. 4 presents the procedure of the two-step algorithm. Step 1 focuses on identifying the
optimal design of the system with consideration of heat integration. In this step, we first search
for a feasible solution for MSR, PEMFC and AC subsystems. Then, feasible solutions for each
subsystem are input as initial values to the next stage to achieve a local optimal solution for the
distributed generation system. Next, the local solution is used as a starting point for global solver
to find the global optimal solution. Based on the results of process streams obtained in the first
step, Step 2 synthesizes the optimal HEN using the superstructure method (Liang et al., 2022b).
It should be noted that each stage often requires multiple iterations to update the initial values
and bounds to alleviate the solution difficulty due to the nonconvexity of the model. A detailed

flowchart of the algorithm is available in the Supplementary Information in Fig. S2.

17



368
369

370

371
372
373
374
375
376
377

378

379
380
381
382
383
384
385

Model formulation &
Initial values and bounds input

Repeat with different
combinations of initial
values and bounds

Step 1 Search for initial solution for
System optimization each subsystem

NLP model 2L

-

- i

1 1

! 1

1 1

1 1

1 1

1 1

1 1

! 1

1 1

1 1

! l Search for local optimal ! - Find feasible solutions as

E RMINLP model solution for CCHP system ! initial values for the next step
1

| 1 1L :

; MINLP model :

! Search for global optimal 1 Conduct multiple iterations

1 solution for CCHP system i to achieve global optimality

1

. [ :

: Step 2 :

1 .

! HEN synthesis Synthesize heat exchanger .
1

! MINLP model network :

J 1

Fig. 4 Procedure of the two-step optimization method.

5. Results and discussion

In this section, a numerical study of a 1,000-kWe scale PI-CCHP system is first carried out
with the objective to determine the optimal design for a methanol-reforming PEMFC-based
distributed generation system. Next, we present a comparison between the C-CCHP system and
the PI-CCHP system to demonstrate the effectiveness of our proposed integrated design and
optimization method. Finally, we conduct a sensitivity analysis of the PI-CCHP system to
evaluate the impact of design parameters on the cooling, heating, power-generation performance,

and economics of the system.

5.1. System optimization

Subsection 5.1 presents the system optimization of a 1,000-kWe scale PI-CCHP system
with the objective of improving energy efficiency. The design parameters of this case study are
listed in Table 2, and the effectiveness of the optimization method is validated. The results show
that a PI-CCHP system with high energy efficiency can be obtained through the proposed
optimization method. Key operating conditions, such as the reaction temperature of the MSR
subsystem, operating pressure and temperature in the PEMFC, are design variables to be

optimized. Table 3 gives the boundary of key design variables. The PI-CCHP system model has
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386 5,005 variables and 5,552 constraints. It takes 477.72 CPUs in total to optimize the PI-CCHP

387  system with a relative optimality tolerance of 10,

388 Table 2 Given design parameters of PI-CCHP system.
Items Values Ref.
Ambient temperature ( ) 298.15 K (Wang et al., 2017)
Isentropic efficiency of pump ( ) 87% (Chen et al., 2020)
Minimum approach temperature in HEN ( ) 10K (Loreti et al., 2019)
Power demand 1,000 kW /
Reaction pressure of MSR ( ) 1,500 kPa (Wang et al., 2017)
Water-methanol ratio 1 (Wang et al., 2017)
389
390 Table 3 Boundary of key design variables. *
Variables Boundaries Ref.
Reaction temperature of MSR ( ) 473.15-573.15K  (Wang et al., 2017)
Operating temperature of PEMFC () 358.15-368.15K  (Chen et al., 2015)
Operating pressure of PEMFC () 100-400 kPa (Mert et al., 2007)
Current density () 0-150 A/m? (Ahmadi et al., 2016)
Molar flow rate of stream () 0-10,000 mol/s /

Inlet temperature of heat integration module ~ 298.15-593.15K  /
Outlet temperature of heat integration module 298.15-593.15K  /

391 “Reaction temperature of MSR and operating condition of PEMFC are to be optimized.

392 Table 4 lists the optimal operating conditions of the PI-CCHP system. The results report a
393  maximum overall energy efficiency of 88.50% for the proposed PI-CCHP system. It can be seen
394  that the reaction temperature in MSR has reached the upper bound, which can be explained by
395 Le Chatelier’s principle. According to Egs. (S.1)-(S.3), a higher reaction temperature is
396  beneficial to the endothermic methanol-steam reforming reaction. In addition, the operating
397  pressure of PEMFC tends to be close to the lower bound while the operating temperature inclines

398  to its upper bound. The reasoning will be presented later in discussion of Fig. 11.
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Table 4 Optimal operating conditions/performance of the PI-CCHP system.

Items Values
System energy efficiency 88.50%
System exergy efficiency 20.81%
Gross power output (including power consumption of the pumps) 1,024.03 kW
Heating load of hot water 1,578.10 kW
Cooling load of cold water 2,811.10 kW
0.2374 $/kWh
Hot utility 343.27 kW
Cold utility 131.10 kW
Reaction temperature of MSR 573.15K
Operating temperature of PEMFC 365.92 K
Operating pressure of PEMFC 119 kPa

Composite curve of the PI-CCHP system is shown in Fig. 5. After heat integration, the
minimum hot utility and cold utility of the system are 343.27 kW and 131.10 kW, respectively.
The pinch occurs at 320.73 K/310.73 K, and the cold streams recover a total 772.84 kW of
thermal energy from the hot streams. Since the temperature and the heat capacity flow rate of
each stream have been determined in Step 1, the corresponding HEN can now be obtained by the
superstructure method in Step 2 of the proposed algorithm. The optimal HEN design of the PI-
CCHP system is shown in Fig. 6 with 12 heat exchangers, 2 heaters, and 4 coolers.
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Fig. 5 Composite curves of a 1,000 kWe scale PI-CCHP system.
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5.2. Comparison with conventional CCHP system

The optimization in Subsection 5.1 has demonstrated the optimization and design
procedures of the PI-CCHP system. In this subsection, the comparison results between different
CCHP system designs are presented in detail to illustrate the advantages of the proposed PI-
CCHP system. Table 5 lists the given design parameters of MSR and PEMFC systems, and other
design parameters are the same as those in Table 2. In order to compare the PI-CCHP and C-
CCHP systems, we have adopted a baseline approach by fixing the operating temperature and
pressure of Proton Exchange Membrane Fuel Cells (PEMFC) and the reaction temperature of
Molten Salt Reactors (MSR). This approach is distinct from our previous optimization study.
The baseline parameters are taken from relevant literature sources, and are used as a reference
point for evaluating the performance of both systems. The aim of this approach is to provide a
reliable and objective comparison between the PI-CCHP and C-CCHP systems.

Table 5 Given design parameters of CCHP systems in the comparison study. *

Items Values Ref.

Operating temperature of PEMFC () 363.15 K (Chen et al., 2015)
Operating pressure of PEMFC () 200 kPa (Chen et al., 2015)
Reaction temperature of MSR ( ) 523.15K (Wang et al., 2017)

*Operating conditions of MSR and PEMFC are fixed.

Table 6 gives the operating conditions and comprehensive performances of the two CCHP
systems. Due to the fixed PEMFC and MSR design variables, the energy efficiency of the PI-
CCHP system drops 3.37 percentage point compared with the design obtained in previous
subsection. However, the PI-CCHP system still manages to achieve a 6.38% decrease in
methanol consumption compared with the C-CCHP system. This is likely due to the effective
heat integration that improves the energy efficiency of the system, and less methanol is required
as fuel to compensate for the heat deficit. Overall, the PI-CCHP system achieves 5.45, 1.99 and
2.22 percentage points increases in energy efficiency, net electrical efficiency and exergy
efficiency, respectively. It can be attributed to the significant reduction in hot utility. In addition,
the PI-CCHP system shows a better economic performance, with a 4.95% decrease in the

in contrast to the C-CCHP system.
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Table 6 Operating conditions and comprehensive performances of different CCHP systems.

Items C-CCHP PI-CCHP
Operating temperature of PEMFC () 363.15K 363.15K
Operating pressure of PEMFC () 200 kPa 200 kPa
Reaction temperature of MSR ( ) 523.15K 523.15K
Reaction pressure of MSR ( ) 1,500 kPa 1,500 kPa
Methanol consumption 4.70 mol/s 4.40 mol/s
Gross power output (including power

consumption of the purmps) 1,009.31 kW 1,009.66 kW
Heating load of hot water 623.70 kW 624.12 kW
Cooling load of cold water 1,096.88 kW 1,097.62 kW
Hot utility 387.32 kW 209.78 kW
Cold utility 27.35 kW 84.03 kW
Energy efficiency () 79.68% 85.13%

Net electricity efficiency () 29.29% 31.28%
Exergy efficiency (' ) 32.65% 34.87%
Levelized cost of electricity ( ) 0.2182 $/kWh 0.2079 $/kWh

Fig. 7 compares the composite curves of the two CCHP systems. It can be noted that the hot
utility and cold utility of the C-CCHP system are 282.44 kW and 26.67 kW, respectively. A
notable reduction in hot utility to 209.78 kW can be achieved for the PI-CCHP system by the aid
of the heat integration that allows heat exchange among all streams. On the other hand, we notice
that cold utility of the PI-CCHP system increases to 84.03 kW due to the introduction of other
hot streams such as tail gas. However, since the unit cost of cold utility is significantly lower
than that of hot utility, the heat integration of the PI-CCHP system is not only energetically

advantageous, but also economically viable.
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Fig. 7 Composite curves of (a) C-CCHP system and (b) PI-CCHP system.

Fig. 8 shows the cost distribution of the two CCHP systems. We can see from Fig. 8(a),
while the initial investment of the PI-CCHP system is about 1.8% higher, the integrated design is
more economically advantageous in the long run with an of 0.2090 $/kWh, 4.5% lower
than that of the C-CCHP system. The cost reduction is mainly due to the decrease in raw material
cost (mostly from methanol), which is the major contributor to the equivalent annual cost of the
system. In terms of the initial investment, Fig. 8(b) and Fig. 8(c) show that the two systems share
similar investment distribution in PEMFC, PSA and absorption cooling subsystem, among which
the PEMFC and the PSA are much more expensive items, taking up over 58% and 28% of the
total investment, respectively. Fig. 8(d) gives details of the investment in other equipment. We
notice that, as a result of the lower hot utility demand, the PI-CCHP system cuts down its boiler
cost by 19.61% compared with the C-CCHP system. The investment in methanol storage tank in
the PI-CCHP system is also reduced by 3.4% due to its lower methanol consumption.
Furthermore, it is worthwhile to note that, the investment in heat exchanger of the PI-CCHP
system is higher than that of the C-CCHP system by $70,194. However, the difference in HEN
investment is negligible as it only accounts for 2.03% of the total investment cost of the PI-
CCHP system and annualized investment cost is a fraction compared with material (methanol)
cost. As such, it is reasonable to apply the two-step method to find the optimal energy target of

the system by simultaneous heat integration and process optimization, then synthesize the HEN.
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470 Fig. 8 Economic performances of the CCHP systems: (a) Annual cost of the CCHP systems, (b)

471 Investment breakdown of the CCHP system, (c) Investment breakdown of the PI-CCHP system

472 and (d) Investment breakdown of other equipment.

473 In addition, the PI-CCHP system is also compared with similar system in the literature.
474  Table 7 displays the comparison results. The energy efficiency of PI-CCHP system is 28.40%
475  and 6.13% higher than that of the CCHP systems in (Chen et al., 2020) and (Ge et al., 2023)
476  respectively. However, the exergy efficiency of PI-CCHP system is relatively low due to the
477  high heating-electricity and cooling-electricity ratios. It means that more chemical energy of
478  methanol is converted into the heat rather than the electricity in the PI-CCHP system under the
479  energy objective.
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Table 7 Comparison results between the PI-CCHP system and similar system in the literature.

Items (Chen et al., 2020) (Geetal., 2023) PI-CCHP
Operating temperature of PEMFC () 358.15K 343.15 K 363.15K
Operating pressure of PEMFC () 101 kPa 203 kPa 200 kPa
Reaction temperature of MSR ( ) 473.15K 523.15K 523.15K
Reaction pressure of MSR ( ) 101 kPa 101 kPa 1,500 kPa
Methanol consumption 0.035 mol/s 0.167 mol/s 4.401 mol/s
Natural gas flow rate / 0.618 mol/s /

Net power output ( ) 7.09 kW 228.89 kW 1,000 kW
Heating load of hot water ( ) 12.22 kW 181.53 kW 624.12 kW
Cooling load of cold water ( ) 3.73 kW 47.40 kW 1097.62 kW
Energy efficiency () 66.30% 80.21% 85.13%
Net electricity efficiency () 20.40% 33.73% 31.28%
Exergy efficiency (' ) 47.24% 41.71% 34.87%

5.3. Sensitivity analysis

In this subsection, we investigate the influence of operating parameters of the MSR system
and the PEMFC stack on performance of the PI-CCHP system in different energy-generation
scenarios. Table 8 gives the inputs of design parameters, while the other parameters remain the
same as listed in Table 2.

Table 8 Inputs of design parameter for the sensitivity analysis.

Subsystems Items Values

MSR system Reaction temperature of MSR 473.15-573.15 K
Water-methanol ratio of MSR 1-2
Operating temperature of PEMFC 363.15K
Operating pressure of PEMFC 200 kPa

PEMEFC stack Reaction temperature of MSR 533.15K
Water-methanol ratio of MSR 1
Operating temperature 358.15-368.15 K
Operating pressure 100-400 kPa
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Fig. 9 displays the thermodynamic performance of the PI-CCHP system with different
methanol-water ratio as a function of the reaction temperature of MSR. It is evident that a
smaller water-methanol ratio is more favorable in terms of the energy and exergy performances,
as the system achieves an energy and an exergy efficiency of about 85% and 35%, respectively,
when the ratio is equal to 1; while the efficiencies decline to about 81% (energy) and 33%
(exergy) when the ratio is increased to 2. On the other hand, the thermodynamic performance is
in general insensitive to the reaction temperature for the investigated range. Although one may
argue that it is counter-intuitive to reduce the water-methanol ratio since excessive water
increases the conversion rate of methanol and production of hydrogen, it does not necessarily
improve the overall energy/exergy efficiency. This is because the vaporization process of water
absorbs large amount of heat, and increasing the amount of water will lead to greater heat
demand. Moreover, as illustrated in Fig. 7, the reactant (the flat blue curve at the top) is not an
ideal heat sink to recover latent heat from the effluent for it contains greater amount of water and
methanol, and a minimum heat recovery temperature difference is required. Thus, greater
consumption of hot utility, i.e. more methanol as fuel for heat, is necessary to satisfy the heat
demand. In sum, balancing the methanol-water ratio is crucial for optimizing the thermodynamic
performance of the PI-CCHP system. In addition, further discussion on the water-methanol ratio

is given in the Supplementary Information.
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Fig. 9 Thermodynamic performances of the PI-CCHP system at different MSR reaction
temperatures: (a) Energy efficiency and (b) Exergy efficiency.
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Furthermore, the insensitivity of energy/exergy efficiency to the reaction temperature is
likely due to the tradeoff between the conversion ratio of methanol and the selectivity of the
reactions. As can be seen from Fig. 10, the escalation in CO production suggests that the
temperature increase is more favorable to the methanol decomposition reaction (Eq. (S.2)),
leading to greater methanol consumption as a result. At the same time, because the integrated
design allows recovery of tail gas of CO from PSA as fuel to the boiler, less methanol is utilized
for burning. Consequently, the total consumption of methanol and energy/exergy efficiency
remain mostly unchanged. With the consideration of manageable reaction conditions, it is

recommended to maintain a relative low reaction temperature for the MSR subsystem.
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Fig. 10 Methanol consumption and carbon monoxide production at different reaction

temperatures of the MSR system: (a) Water-methanol ratio = 1 and (b) Water-methanol ratio = 2.

Fig. 11 shows the energy efficiency of the PI-CCHP system at different PEMFC operating
temperatures/pressures. As the operating pressure is increased from 100 kPa to 400 kPa, the
system energy efficiency gradually declines. The results can be explained by Fig. 12 and Fig. 13.
The energy output of PEMFC consists of net power output and net heat output. A higher
operating pressure means a higher actual voltage of a single fuel cell, leading to a higher
electricity efficiency of PEMFC. Correspondingly, the heat recovered and utilized by the AC
system decreases. Therefore, the heating and cooling loads generated by the AC system are also
reduced when the PEMFC operates at higher pressure. A maximum system energy efficiency of
87.14% is obtained at an operating temperature of 368.15 K and under a pressure of 100 kPa.
Moreover, we can see that the PI-CCHP system with a higher operating temperature of PEMFC
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533 achieves a greater system energy efficiency under an operating pressure of lower than 150 kPa.
534  Therefore, lowering the temperature of PEMFC is more suitable for the PI-CCHP system when
535  the operating pressure exceeds 150 kPa. For instance, the PEMFC system at 368.15 K/400 kPa
536  achieves the lowest PI-CCHP system energy efficiency of 83.95%, 0.36% lower than the one at
537  358.15 K/400 kPa. Furthermore, it is also illustrated that a PEMFC system with a lower
538  operating pressure and a higher operating temperature is beneficial to the improvement in the PI-
539  CCHP system efficiency. In addition, it is observed that the influence of operating temperature
540  on the energy efficiency varies depending on the operating pressure, which can be attributed to
541  the effects of the Nernst potential, activation loss, and effective partial pressure of reactant in the

542 PEMFC. This phenomenon is illustrated in detail in Fig. 13.
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544 Fig. 11 System energy efficiency at different operating conditions of PEMFC.
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Fig. 12 Net heat output and electricity efficiency at different operating conditions of PEMFC

Fig. 13(a) shows that at low operating pressures, a lower operating temperature leads to a
higher actual voltage in the PEMFC, as per the electrochemical model of PEMFC outlined in
section 3.3.1. This phenomenon is attributed to the decline in Nernst potential with an increase in
operating temperature. The chemical to electrical energy conversion efficiency is also higher in
the PEMFC with lower temperature compared to higher temperatures. However, as the operating
pressure increases, the difference in actual voltage between the two temperatures diminishes.
This trend is due to the significant decline in activation loss with an increase in operating

pressure in the PEMFC with higher operating temperature (Fig. 13(b)).
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(b) Activation loss.

Fig. 14 illustrates distributions of energy output of the PI-CCHP system at different PEMFC
operating conditions. We notice the heating load of hot water and the cooling load of chilled
water decrease steadily with the increase of PEMFC operating pressure, as can be seen in Fig.
14(a) and Fig. 14(b). The opposite is true when the PEMFC operating temperature increases.
That is, a higher operating temperature leads to a larger heating load, but the margin of
improvement is reduced gradually as the operating pressure increases. The PI-CCHP system with
a higher operating temperature of PEMFC achieves a larger cooling load of chilled water under
an operating pressure of lower than 300 kPa. The results show that the largest heating load is
1,207.30 kW and the cooling load is 2,138.96 kW when the operating condition of PEMFC is
368.15 K/100 kPa. Furthermore, the pattern of variation in methanol consumption is similar to
those of heating load and cooling load along with the change of PEMFC operating conditions.
However, higher methanol consumption also leads to lower system exergy efficiency.
Specifically, the operating conditions that result in the highest system efficiency also lead to the
lowest exergy efficiency of 24.23%, mainly because more chemical energy from methanol is

converted into heating and cooling load instead of electricity.
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6. Conclusion

An equation-oriented framework has been presented for the optimization of combined
cooling, heating and power system based on the methanol-steam-reforming proton exchange
membrane fuel cell. The framework incorporates kinetics/thermodynamics of unit operations,
equation of state, energy targeting and system economics so that it allows simultaneous heat
integration and flowsheet optimization. The model has been proved to be accurate and

computationally efficient, and its application to the optimization of a 1,000-kWe distributed
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generation system has shed some light on the integrated design of methanol-steam-reforming and
proton exchange membrane fuel cell for trigeneration from a systematic perspective. In addition,
the framework is designed to be modular, allowing for easier extension to other configurations of
combined cooling, heating and power system. Major findings are summarized as follows.
® [n general, the combined cooling, heating and power system with process integration is
thermodynamically and economically beneficial to heat recovery. The proposed system
achieves a maximum of 85.13% and maximum of 34.87%, making a 5.45
percentage point increase in and a 2.22 percentage point increase in ', compared
with the conventional combined cooling, heating and power system.
® Economic evaluation shows that the combined cooling, heating and power system with
process integration obtains a levelized cost of electricity of 0.2374 $/kWh, 4.50% lower than
that of the conventional combined cooling, heating and power system. In addition, the
results show that the heat exchanger network cost only takes up a small fraction (2.03%) of
the total investment, suggesting that the two-step method for sequential system optimization
and heat exchanger network synthesis is reasonable and effective in reducing computational
complexity.
® Though counter-intuitive, the optimization study and sensitivity analysis of the combined
cooling, heating and power system with process integration demonstrate that lowering the
water-methanol ratio of methanol steam reforming system facilitates the increase of overall
and within the assessed range. While increasing water-methanol ratio is
beneficial to the conversion of methanol in a local point of view for the methanol steam
reforming subsystem, from a systematic perspective it will lead to greater energy
consumption for reactant heating and lower energy efficiency.
® Further, while the optimization study shows that a higher reaction temperature is beneficial
to the combined cooling, heating and power system with process integration in terms of
energy efficiency, sensitivity analysis suggests a different picture that the overall and
are not very sensitive to the temperature due to the tradeoff between conversion and
selectivity of methanol steam reforming reactions. Generally speaking, it is more favorable
to maintain a lower methanol steam reforming temperature for manageable reaction
condition as reaction temperature in the range of 473.15-573.15 K has marginal effects on

energy/exergy efficiency.

33



618
619
620
621
622
623
624
625

626

627
628

629

630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647

Finally, the proposed combined cooling, heating, and power system, which solely uses
methanol as an energy input, leads to higher fuel costs. Additionally, optimizing the system
design and operation based only on energy objectives maybe uneconomical. To address these
issues, we plan to propose a renewable energy assisted combined cooling, heating, and power
system that utilizes the methanol-steam-reforming proton exchange membrane fuel cell. In the
future, a multi-objective assessment considering energy, economic, and environmental targets
will be conducted. Moreover, we plan to analyze the dynamic characteristics of the system to

develop an appropriate control strategy for improved system operation.
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Nomenclature

Sets and Indices
Equipment
Set of evaporators in AC system
Set of pumps in AC system
Set of subsystems in CCHP system
Set of water pumps
Reaction
Set of products
Set of reactions in MSR system
Set of reactants
Stream
Set of streams in PEMFC
Set of streams at the inlet of PEMFC
Set of streams at the outlet of PEMFC
Set of streams in MSR system
Set of streams at the inlet of MSR system
Set of streams at the outlet of MSR system

Substance
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648 Set of substances in PEMFC

649 Set of substances at the inlet of PEMFC
650 Set of substances at the outlet of PEMFC
651 Set of substances in MSR system

652  Parameters

653 Capital recovery factor

654 Total surface concentration at active site (mol/m?)
655 CH3OH Molar chemical exergy of methanol at standard condition (J/mol)
656 CH3OH Higher heating value of methanol (J/mol)

657 Hy Higher heating value of hydrogen (J/mol)

658 H,0 Latent heat of water (J/mol)

659 mass of catalyst (kg)

660 Number of single fuel cells in PEMFC stack

661 Reference pressure (kPa)

662 Ideal gas constant (J/(mol-K))

663 Surface area per unit mass catalyst (m?/kg)

664 Ambient temperature (K)

665 ' Outlet temperature of hot water (K)

666 Reference temperature (K)

667 Annual operation time (h/yr)

668 CHaOH Unit cost of methanol ($/mol)

669 H,0 Unit cost of water ($/mol)

670 , Stoichiometric number of substance in reaction
671 Minimum approach temperature (K)

672 0 Standard molar enthalpy of formation (J/mol)

673 0 Standard molar entropy of formation (J/(mol-K))
674 Isentropic efficiency of pump

675 Density of catalyst (kg/m?)

676  Continuous variables

677 Fuel cost ($/yr)
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678 Operating cost ($/yr)

679 ! Total investment ($)

680 Investment cost of equipment ($)

681 ' Heat capacity of substance in stream (J/(mol-K))
682 ’ Nerst potential of single fuel cell (V)

683 Exergy of cold water (W)

684 Exergy of hot water (W)

685 CH30H Chemical exergy of methanol (W)

686 , Molar flow rate of substance in stream (mol/s)
687 CH4OH molar flow rate of methanol in feed to reactor (mol/s)

688 ] Molar Gibbs free energy of substance in stream (J/mol)
689 Current (A)

690 Current density (A/m?)

691 Chemical equilibrium constant

692 Adsorption coefficient of intermediate

693 Rate constant of reaction

694 Levelized cost of electricity ($/kWh)

695 Mass flow rate of hot water (kg/s)

696 ' Molar enthalpy of substance in stream (J/mol)
697 ' Molar entropy of substance in stream (J/(mol-K))
698 Operating pressure of fuel cell (kPa)

699 Reaction pressure in MSR system (kPa)

700 Partial pressure of substance (kPa)

701 Effective partial pressure of substance in PEMFC (kPa)
702 Cooling load of cold water (W)

703 Heating load of hot water (W)

704 ’ Net heat output (W)

705 ' Latent and sensible heat (W)

706 ’ Total energy output from PEMFC (W)

707 Heating load of equipment (W)
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708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737

Abbreviation
AC
CCHP
CHP
C-CCHP
HEN
MINLP
MSR
PEMFC
PI-CCHP
PSA

Rate of reaction  (mol/(s'm?))

Operating temperature of PEMFC (K)

Reaction temperature in MSR system (K)

Output voltage (V)

Power consumption of cooling tower (W)

Total electricity output of PEMFC (W)

Net power output (W)

Power consumption of reactant feed pump (W)

Power consumption of equipment (W)

Molar fraction of substance

Molar flow rate change of substance in PEMFC (mol/s)
Total consumption of substance u in CCHP system (mol/s)
Molar Gibbs free energy change of reaction  (J/mol)
Activation polarization loss (V)

Concentration polarization loss (V)

Ohmic polarization loss (V)

Net electrical efficiency

System exergy efficiency

System energy efficiency

Absorption cooling

Combined cooling, heating and power

Combined cooling and heating

Conventional combined cooling, heating and power

Heat exchanger network

Mixed-integer nonlinear programming

Methanol steam reforming

Proton exchange membrane fuel cell

Combined cooling, heating and power with process integration

Pressure swing adsorption
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