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Assessing the waste heat recovery potential of liquid organic hydrogen 
carrier chains 

Longquan Li *, Purushothaman Vellayani Aravind , Theo Woudstra , Machteld van den Broek 
Energy and Sustainability Research Institute Groningen, University of Groningen, 9747 AG Groningen, Netherlands   

A R T I C L E  I N F O   
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A B S T R A C T   

Proper thermal management can improve the efficiency of hydrogen storage chains based on liquid organic 
hydrogen carriers (LOHC). The energy and exergy efficiencies of 24 LOHC chains, which are differentiated by 
two hydrogen sources (SEL: hydrogen from electrolyzer and SINDU: industrial by-product), three hydrogen con-
sumers (CPEMFC: proton exchange membrane fuel cell, CSOFC: solid oxide fuel cell, and CINDU: industrial con-
sumer), and four LOHC pairs are calculated based on thermodynamic modeling. Possible strategies for the heat 
integration between the heat sources (including hydrogenation heat, heat generated by hydrogen consumer, and 
the high-temperature LOHC fluids) and the heat sinks (including LOHC preheating, hydrogen preheating, 
dehydrogenation, and external heating purposes) are designed for these chains. In the four selected LOHC pairs, 
dibenzyltoluene (DBT) is found to be the most favorable LOHC pair for the implementation of WHR strategies, 
mainly because of low heat demand for preheating (8.9% of the stored hydrogen energy) and a high dehydro-
genation rate. The WHR strategies significantly improve the energy efficiency of LOHC chains by up to 21.7% 
points for the chains with CINDU and 40.8% points for chains with CSOFC or CPEMFC, which makes LOHC chains 
more efficient than traditional compressed or liquid hydrogen chains in several scenarios, i.e., the DBT chain 
with CPEMFC have the highest energy efficiency (70.4% for SEL/69.5% for SINDU), while the DBT chain with SINDU 
and CSOFC has the highest exergy efficiency (60.6%). For the remaining combinations of the remaining hydrogen 
sources and consumers, the compressed hydrogen chains are the most efficient.   

1. Introduction 

To reduce the risks and impacts of climate change, with the Paris 
Agreement adopted by 196 Parties, the increase in the global average 
temperature should be held well below 2 ◦C above pre-industrial levels, 
and efforts to limit the temperature increase to 1.5 ◦C should be pursued 
[1]. Parties are encouraged to strengthen their emissions reductions and 
to align their national climate action pledges with the most recent 
Glasgow Climate Pact [2]. Increasing the penetration of renewable en-
ergy sources is essential for a sustainable energy system [3]. The total 
capacity of renewable energies globally has risen from 1,224 GW in 
2010 to 2,802 GW in 2020, with the entire renewable energy production 
of 4,202 TWh in 2010 and 6,963 TWh in 2019 [4,5]. In the Planned 
Energy Scenario proposed by the International Renewable Energy 
Agency, the share of modern renewable energies in the final energy 
supply would increase to 17 % by 2030 and 25 % by 2050. In the 
Transforming Energy Scenario, this share would increase to 28 % by 

2030 and 66 % by 2050 [6]. Some renewable energy sources like wind 
and solar depend strongly on site-specific meteorological conditions and 
vary regionally and globally, making energy storage and transportation 
systems necessary [7]. 

Hydrogen is a promising energy carrier that can be produced from 
renewable energy sources, fossil fuels, or nuclear energy [8–20]. Fuel 
cells or combustion engines can use hydrogen to generate power without 
emissions [21]. Hydrogen can also support the decarbonization of hard- 
to-abate sectors, including the chemical, petroleum refining, and steel 
sectors [21–24]. Hydrogen and hydrogen-based fuels accounted for <
0.1 % of total energy consumption in 2020 and are predicted to increase 
to 2 % in 2030 and 10 % in 2050 [25]. Hydrogen can be stored in the 
forms of compressed hydrogen gas (CHG), liquid/cryogenic hydrogen 
(LH), cryo-compressed hydrogen, metal hydride, carbon nanotubes, 
metal–organic frameworks, and liquid organic hydrogen carriers 
(LOHC) [8,26], with each having their advantages and shortcomings 
[7,26–28]. Storing hydrogen within LOHC is based on reversible 
chemical reactions of hydrogenation and subsequent dehydrogenation 
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of organic molecules. The excess hydrogen reacts with the unloaded 
LOHC in a hydrogenation reactor, and a dehydrogenation reactor re-
leases the stored hydrogen in the loaded LOHC when needed. Fig. 1 
shows potential chains based on LOHC in the literature. Hydrogen 

produced by electrolyzers, steam methane reforming, or as an industrial 
product can be consumed by fuel cells, hydrogen gas turbines, or in-
dustrial processes. LOHC enables long-term and large-scale energy 
storage under ambient temperature and pressure conditions without 

Nomenclature 

Cp Heat capacity (J/(kg • K)) 
e Exergy per mass flow rate (J/kg) 
h Enthalpy (J/kg) 
H Hydrogen 
k Specific heat ratio of hydrogen 
ṁ Mass flow rate (kg/s) 
M Molar mass (kg/mol) 
N Number of compressor stages 
p Pressure (MPa) 
P Electricity consumption (MW) 
q Reaction heat per mole hydrogen (kJ/mol H2) 
Q Heat (MW) 
R Universal gas constant 
s Entropy (J/K) 
T Temperature (K) 
Z Compressibility factor 
ΔT Temperature rise (K) 

Subscripts 
0 Ambient 
1 Number of preheaters 
2 Number of preheaters 
3 Number of preheaters 
4 Number of preheaters 
c Coolant 
ch Chemical 
Comp Compressor 
de Dehydrogenation 
EL Electrolyzer 
FC Fuel cell 
h Heat 
H Hydrogen preheater 
hy Hydrogenation 
H2 Hydrogen 

in Input 
is Isentropic 
INDU Industrial 
L+ Loaded LOHC 
L- Unloaded LOHC 
m Mass flow 
me Mechanical 
mini Minimum 
out Exiting 
ph Physical 
q Heat flow 
r Reusable 
SMR Steam methane reforming 
suc Suction 

Superscripts 
C Hydrogen consumers 
Ex Exergy 
En Energy 
e Exergy per mass flow rate 
S Hydrogen sources 
H Hydrogen 

Greek letters 
η Efficiency 
∂ Stoichiometric ratio of H2 to LOHC 

Abbreviations 
CHG Compressed hydrogen gas 
HHV Higher heating value 
LH Liquified hydrogen 
LHV Lower heating value 
LOHC Liquid organic hydrogen carrier 
PEMFC Proton exchange membrane fuel cell 
SOFC Solid oxide fuel cell 
WHR Waste heat recovery  

Fig. 1. Potential chains enabled by LOHC.  
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Table 1 
Overview of studies on WHR strategies of LOHC chains.  

References Chain 
boundary 
(see Fig 1) 

LOHC pair Aim Method WHR 
considered 

Main results 

[56] LOHC+- 
CSOFC, 
LOHC+- 
CPEMFC 

DBT Evaluating the integration between 
fuel cells and dehydrogenation of 
LOHC 

Thermodynamic 
Modeling 

L--P-L+, HC- 
DE  

• The efficiency of dehydrogenation heat 
supplying methods: waste heat from high- 
temperature fuel cells (48.1 ± 9.6%)>
combustion of hydrogen (28.7 ± 5.8%) 
>electric heating (13.6 ± 9.7%) 

[57] LOHC+- 
CSOFC 

DBT Assessing the performance of 
integrating SOFC to LOHC 
dehydrogenation 

Experiments L--P-L+, HC- 
DE  

• The energy efficiency of the chain is 45%  
• LOHC vapor does not harm the operational 

stability of the SOFC 
[58] LOHC+-CGT TOL Assessing the performance of 

integrating power generation cycles 
to LOHC dehydrogenation 

Thermodynamic 
Modeling 

L--P-L+, HC- 
DE  

• The endothermic dehydrogenation reaction 
is covered by the heat generated from the 
air-fuel combustion of H2, and the remaining 
heat is supplied to the combined cycle plant 
for power generation  

• The maximum energy efficiency of the chain 
is 53.7% 

[61] SEL-CPEMFC DBT Assessing the performance of 
integrating cement plant with LOHC 
chain 

Thermodynamic 
Modeling 

L+-P-L-, L--P- 
L+, HC-DE  

• The energy efficiency of the chain is 
increased from 15-17% using a hydrogen 
burner to 21.9% averaged over a month by 
direct coupling the LOHC dehydrogenation 
with the exhaust heat  

• By adding a thermal storage system to 
overcome the temperature fluctuation of the 
waste heat, the chain efficiency can be 
increased to 28.5% 

[59] LOHC+- 
CINDU 

DBT, NEC, 
NAP, TOL, 
QLD, BPH, 
MLH, MBP 

Assessing the performance of 
integrating LOHC dehydrogenation 
with the methanation process 

Thermodynamic 
Modeling 

HC-DE, HC- 
P-L+

• The heat generated by the methanation 
process and the high-temperature exhaust 
gas from the gas turbine exit are utilized to 
supply heat for the dehydrogenation  

• The chain based on NEC has the highest 
energy efficiency (55.6%), but the DBT is 
considered the best selection due to its easy 
recovery and availability among the studied 
LOHCs, with an energy efficiency of 46.7% 

[62] SEL-CPEMFC, 

SEL-CSOFC 

NEC Assessing the feasibility of energy 
storage in residential and 
commercial buildings via LOHC 

Thermodynamic 
modeling and techno- 
economic analysis 

HC-DE, HC- 
P-L+, HYRE  

• When SOFC is the hydrogen consumer, and 
the SOFC heat is utilized for the 
dehydrogenation process, the electricity-to- 
electricity efficiency of the chain is 38%  

• When PEMFC is the hydrogen consumer, the 
electricity-to-electricity efficiency of the 
chain is 20% and 28%, respectively, when 
electric heating and hydrogen combustion 
are used to provide dehydrogenation heat 

[63] SEL-CGT DBT Evaluation of electricity storage 
system based on LOHC considering 
self-sufficient rate by renewable 
energy and actual energy demands 

Operational modeling 
and economic analysis 

L+-P-L-  • The LOHC-based electricity storage system is 
more cost-effective than grid purchase if 
>75% of the electricity demand is provided 
by on-site renewable energy 

[53] SEL-CPEMFC DBT Assessing the performance of the 
defined process chain 

Net energy analysis L--P-L+, HY- 
P-L-  

• The round-trip efficiency of the chain 
composed of the electrolyzers, LOHCs, and 
fuel cells is 28–30% 

[64] SEL-CPEMFC, 

SEL-CGT 

DBT Assessing the performance of a heat- 
control combined heating and power 
system fueled by natural gas with 
LOHC for electricity storage 

Thermodynamic 
modeling 

HC-DE, 
HCRE  

• Technical possibilities of integrations 
between the LOHC system and combined 
heating and power system are discussed and 
analyzed  

• The integration can reduce the primary 
energy demand by more than 16% and 
significantly improve the self-sufficiency and 
self-consumption rate 

[65] SEL-CSOFC DBT Assessing the performance of a 
decentralized and self-sufficient 
energy system enabled by solar 
energy and energy storage by LOHC 

Hourly dispatch 
modeling (Temporal 
optimization) 

HC-DE, 
HCRE, HYRE  

• In 2030, heat integration between a 
reversible solid oxide cells system and LOHC 
chain can enable a self-sufficient supply of 
electricity and heat in a single-family low- 
energy building at 52% higher costs 
compared with a system supplied by elec-
tricity from the grid  

• The total annualized cost of this system is 80 
% lower compared to that of a system based 
on energy storage in a lithium-ion battery 

[54] SSMR-HDE NEC Assessing the efficiency of the 
defined LOHC chain 

Thermodynamic 
modeling 

HY-P-L-, 
HCRE  

• The energy efficiency of the LOHC chain is 
69% and 89% with and without recovery of 
the hydrogenation heat 

(continued on next page) 
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boil-off or other losses [7] and can be handled by today’s infrastructure 
for liquid fuels consisting of pipelines, oil tankers, and petrol stations 
[29]. 

Previous LOHC studies mainly focused on the chemical, physical, 
and material aspects of LOHC hydrogenation and dehydrogenation 
[30–36], the estimation of thermochemical and thermophysical prop-
erties [37–47], or the development of new LOHC pairs [45–51]. How-
ever, the thermal issue also plays a vital role in the LOHC system 
compared with traditional methods such as CHG and LH. First, LOHC 
chains generate heat in the hydrogenation process and require heat for 
the dehydrogenation reaction. The material pair, dibenzyltoluene (H0- 
DBT)/Perhydro-dibenzyltoluene (H18-DBT), for example, generates 
64.5 kJ of heat per mol of hydrogen, which equals 22.6 % of the higher 
heating value (HHV) of the stored hydrogen, in the hydrogenation re-
action, and requires the same amount of heat for the dehydrogenation 
reaction [52]. Secondly, many hydrogen consumers, including solid 
oxide fuel cells (SOFC), proton exchange membrane fuel cells (PEMFC), 
gas turbines, and industrial processes in potential LOHC chains, generate 
heat. Thirdly, the loaded LOHC and the unloaded LOHC, typically stored 
at ambient conditions, must be preheated before the hydrogenation and 
dehydrogenation reactions. Finally, the loaded LOHC exiting the hy-
drogenation reactor and the unloaded LOHC exiting the dehydrogena-
tion reactor have a high temperature, which can serve as a heat source. 
With these different heat sources and heat demands in the LOHC chains, 
thermal energy management and smart waste heat strategies can 

improve the efficiencies of LOHC chains. The following waste heat re-
covery (WHR) strategies have been proposed: 

L+-P-L-: Using the loaded LOHC exiting the hydrogenation reactor to 
preheat the entering unloaded LOHC. 
L--P-L+: Using the unloaded LOHC exiting the dehydrogenation 
reactor to preheat the entering loaded LOHC. 
HY-P-L-: Recovery of the hydrogenation heat to preheat the unloaded 
LOHC entering the hydrogenation reactor. 
HC-DE: Recovery of the heat generated by the hydrogen consumer to 
provide the dehydrogenation heat. 
HC-P-L+: Recovery of heat generated by the hydrogen consumer to 
preheat the loaded LOHC entering the dehydrogenation unit. 
HCRE: Recovery of the heat generated by the hydrogen consumer for 
heating purposes outside the LOHC chain. 
HYRE: Recovery of the hydrogenation heat for heating purposes 
outside the LOHC chain. 

Although several studies have investigated the waste heat recovery 
strategies in LOHC chains, the overview of these studies in Table 1 re-
veals that the following knowledge gaps still exist: 1) WHR potential 
throughout the LOHC chain from hydrogen sources to hydrogen con-
sumers is not known. The studies assessing the whole chain efficiency 
never assumed WHR strategies in each chain step [7,53–55], while the 
studies assessing the heat integration potential for a few steps did not 

Table 1 (continued ) 

References Chain 
boundary 
(see Fig 1) 

LOHC pair Aim Method WHR 
considered 

Main results  

• The energy efficiency of the LOHC chain 
with WHR is slightly lower than the CHG 
chain but higher than the LH chain 

[60] SEL-CSOFC TOL Comparing the hydrogen supply 
chain enabled by ammonia and TOL 

Thermodynamic 
modeling 

L--P-L+ • The primary energy losses of the TOL chain 
are in the electrolysis (16%), hydrogenation 
(15%), and dehydrogenation (12%)  

• If exhaust heat can be utilized to cover the 
dehydrogenation heat, the total efficiency 
can be increased by nearly 7.5% 

[66] SINDU-HDE DBT Assessing the performance of the 
LOHC chain for road transport of 
hydrogen 

Techno-economic 
analysis 

HCRE, HYRE  • Higher hydrogen demand and especially 
longer transport distances favor the LOHC 
chain over the CHG chain  

• Recovery of waste heat at the hydrogen- 
consuming side to cover the dehydrogena-
tion heat is a more favorable way compared 
with hydrogen combustion and electric 
heating 

[7] SEL-CPEMFC DBT, NEC, 
NAP, TOL, 
FA, MET, AB 

Assessing the performance of the 
defined LOHC chain for international 
hydrogen transport 

Techno-economic 
analysis 

HCRE, HYRE  • The energy efficiency of the LOHC chain 
mainly depends on the source of the 
dehydrogenation heat  

• For a storage time of 60 days, the LOHC 
chain shows economic advantages compared 
to the CHG chain 

[55] SEL-HDE DBT, NEC, 
TOL, MET 

Comparing the performance of the 
LOHC chain with alternatives for 
international renewable energy 
transport 

Techno-economic 
analysis 

HCRE  • DBT and methanol chains show the 
efficiency and economic advantages if the 
dehydrogenation heat is covered by waste 
heat  

• Long-distance transport favors LOHC, while 
short-distance transport via pipelines can be 
used for lower costs 

Notes: DBT: Dibenzyltoluene(H0-DBT)/ Perhydro-dibenzyltoluene(H18-DBT). 
NEC: N-ethylcarbazole (H0-NEC)/ Perhydro-N-ethylcarbazole(H12-NEC). 
TOL: Toluene (H0-TOL) / Methylcyclohexane (H6-TOL)]. 
NAP: Naphthalene (H0-NAP)/ Decalin (H10-NAP). 
MET: Carbon oxide (H0-MET)/ Methenol (H4-MET). 
FA: Carbon oxide (H0-FA)/ Fomic acid (H2-FA). 
AB: 1,2-dihydro-1,2-azaborine (H0-AB)/ a,2-BN-cyclohexan (H6-AB). 
QLD: Quinaldine (H0-QLD)/ Decahydro-2-Methylquinoline (H10-QLD). 
BPH: Biphenyl (H0-BPH)/ Bicyclohexyl (H12-BPH). 
MLH: BenzyToluene (H0-MLH)/ PerhydrobenzylTolouene (H12-MLH). 
MBP: 2-(N-Methylbenzyl)pyridine (H0-MBP)/ Perhydro product of 2-(N-Methylbenzyl)pyridine (H12-MB. 

L. Li et al.                                                                                                                                                                                                                                        
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Fig. 2. LOHC chains with comprehensive WHR strategies.  
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Fig. 2. (continued). 
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provide insight into the whole chain [56–59]. 2) It is unknown what the 
most favorable LOHC pair for implementing WHR strategies is. Although 
previous literature has compared different LOHCs, implementing WHR 
strategies can change their ranking. The reaction heat, heat capacity, 
and other properties of LOHC material can influence the WHR potential 
of the chains. 3) It is unclear which hydrogen storage method (LOHC or 
traditional CHG and LH) is more efficient with WHR strategies for 
various hydrogen sources and consumers. Previous literature focused on 
a defined chain but did not consider different combinations of hydrogen 
sources and hydrogen consumers, e.g., SINDU-CINDU, SINDU-CSOFC. 4) The 
information about the exergy efficiencies of LOHC chains is much 
limited. Several energy forms exist, i.e., heat, hydrogen, and electricity, 
exist in LOHC chains, which makes the exergy method that considers 
both energy quantity and quality a suitable tool for assessing LOHC 
chains. However, only one study calculated the exergy efficiency of a 
specific TOL-based SEL-CSOFC chain [60]. 

Therefore, the main research questions of the present study are:  

(1) To what extent comprehensive WHR strategies can improve 
LOHC chains’ efficiency? 

(2) Which LOHC material enables the highest chain efficiency (en-
ergy and exergy) when implementing comprehensive WHR 
strategies? 

(3) Which chain is more efficient with comprehensive WHR strate-
gies among the LOHC-based and traditional hydrogen storage 
chains? 

The main novelties and contributions are: The energy and exergy 
efficiencies of 24 LOHC chains, which are differentiated by two 
hydrogen sources, three hydrogen consumers, and four LOHC pairs, are 
calculated based on thermodynamic modeling. Comprehensive WHR 
strategies throughout the LOHC chains are designed, and the LOHC 
chains with and without WHR strategies are compared. Four LOHC pairs 
are compared when all WHR strategies are considered based on exten-
sive data collection of the thermodynamic properties of the LOHC pairs, 
and the most favorable LOHC pair is determined. By comparing the 
LOHC chains with traditional hydrogen storage chains, the most effi-
cient hydrogen storage method for various hydrogen chains differenti-
ated by hydrogen sources and hydrogen consumers is determined. 

2. Methods 

Section 2.1 describes the 24 LOHC chains regarding hydrogen 
sources, hydrogen consumers, LOHC pairs, and the possible WHR stra-
tegies designed for each chain. The LOHC chains without WHR strate-
gies and traditional chains for comparison are also defined. Section 2.2 
presents the thermodynamic modeling of these chains, and the equa-
tions are solved in the EES (Engineering Equation Solver) software. 

Section 2.3 introduces the exergy method, and Section 2.4 defines the 
assessment criteria. 

2.1. Chains description 

2.1.1. Hydrogen sources and consumers 
The temperature and pressure levels of hydrogen vary with the 

sources of hydrogen. This study considers two kinds of initial hydrogen 
sources, i.e., green hydrogen from electrolyzers and hydrogen from the 
industry as a by-product [65]. The latter hydrogen source needs to be 
compressed before the hydrogenation unit. The typical way of produc-
ing hydrogen through SMR is not considered due to its high carbon 
emission intensity. Three kinds of hydrogen consumers, i.e., SOFC, 
PEMFC, and hydrogen-fed industrial process, are considered. SOFC is 
considered because of its high operating temperature resulting in higher 
WHR potential, while PEMFC is considered due to its high technology 
readiness level. Combining the two hydrogen sources with three 
hydrogen consumers results in the LOHC chains shown in Fig. 2. 

2.1.2. LOHC pairs 
Many material pairs have been proposed as LOHC, but some of them 

are not practically feasible due to bad performance on toxicity, avail-
ability, selectivity, stability, reaction speed, and storage capacity [52]. 
Due to sufficient data on the thermophysical and thermochemical 
properties, the following four LOHC pairs are compared: DBT, NEC, 
TOL, and NAP. 

2.1.3. WHR strategies 
L + -P-L-, L–P-L+, HY-P-L-, and HCRE are applied in all the LOHC 

chains. In chains with SEL, the hydrogenation heat is recovered to pre-
heat the colder hydrogen from the electrolyzer. Hydrogen does not need 
to be preheated in chains with SINDU, because it is already heated up 
during the compression process. In chains with CSOFC, heat generated by 
SOFC is recovered to preheat the loaded LOHC further before the 
dehydrogenation unit and to satisfy the heat demand by the endo-
thermic dehydrogenation process. The remaining heat generated by 
SOFC is used for external heating purposes. In chains with CPEMFC or 
CINDU, the heat demand for the dehydrogenation and the preheating of 
the loaded LOHC is satisfied by an electric heater. The heat generated by 
PEMFC is consumed for external heating purposes. 

2.1.4. LOHC chains without WHR 
The LOHC chains without WHR strategies are introduced to compare 

the difference between the efficiency of LOHC chains with and without 
WHR strategies. External electric heaters satisfy all the heat demands 
without recovery of the heat sources within these chains. 

2.1.5. Traditional chains 
Hydrogen can also be stored in CHG and LH, which are traditional 

and widely-used technologies. This study considers 6 CHG chains and 6 
LH chains with the two hydrogen sources and three end-users mentioned 
in Section 2.1.1. Hydrogen losses do not exist in the CHG process, and 
liquified hydrogen boil-off is ignored. 

Eq. (1) calculates the hydrogen compression work in the CHG pro-
cess. The initial pressure of hydrogen is the hydrogenation pressure in 
CHG chains with SEL and is the ambient pressure in CHG chains with 
SINDU. In the LH chains, the energy required by the liquefaction depends 
on the feeding condition of hydrogen. A hydrogen liquefaction plant that 
liquifies hydrogen with a feeding condition of 1 bar and 300 K and a 
production condition of 1 bar and 20 K needs 6.93 kWh of electricity per 
kg H2 [67]. However, another plant with a 60 bar and 300 K hydrogen 
feeding condition lower the energy consumption to 5.29 kWh/kgH2 with 
a product condition of 1.5 bar and 20 K [68]. This study assumes 6.93 
and 5.29 kWh/kgH2 electricity consumption for hydrogen liquefaction in 
LH chains with, respectively, SEL and SINDU. 

Table 2 
Input parameters for compressor.  

Parameter Description Value 

Z Compressibility factor 1 
R Universal gas constant 8.3145 J/mol/K 
Tsuc Suction temperature 298.15 K 
ṁH2,in The mass flow rate of 

input hydrogen 
0.8 kg/s 

MH2 The molar mass of 
hydrogen 

2 g/mol 

N Number of compressor 
stages 

Chain dependent with a maximum one- 
stage compression ratio of 2.5 

k Specific heat ratio of 
hydrogen 

1.41 

phy Hydrogenation pressure LOHC dependent 
psuc Suction pressure 0.1 MPa 
ηme Mechanical efficiency 99.99 % 
ηis Isentropic efficiency 70 %  

L. Li et al.                                                                                                                                                                                                                                        



Energy Conversion and Management 276 (2023) 116555

8

2.2. Thermodynamic modeling 

A static model is established to calculate the energy flows and to 
assess the chains’ energy and exergy efficiencies. The mass flow rate of 
the hydrogen sources is 0.80 kg/s [7]. 

2.2.1. Compressors 
LOHC chains with SEL do not require hydrogen compression between 

the electrolyzer and the hydrogenation unit because the operating 
pressure of the electrolyzer can be set at the same or a bit higher pressure 
of the hydrogenation unit [53]. However, the hydrogen produced at 
ambient pressure for chains with SINDU has to be compressed to the 
hydrogenation pressure. A multi-stage compressor does the hydrogen 
compression. Equation (1) calculates the electricity consumption by the 
compressors with an explanation of parameters in Table 2 [69]. 

Pcomp,H2 = ṁH2,in
ZRTsuc

MH2

Nk
k − 1

(

(
phy

psuc

)k− 1
Nk

− 1)/(ηmeηis) (1)  

2.2.2. Hydrogenation unit 
The mass flow rate of the unloaded LOHC entering the hydrogena-

tion unit can be calculated by Eq. (2). 

ṁL− =
ṁH2,in

∂ •
ML−

MH2
(2) 

Where ∂ is the stoichiometric ratio of H2 to LOHC in the hydroge-
nation and dehydrogenation reactions, ML− is the molar mass of the 
unloaded LOHC. 

The mass flow rate of the loaded LOHC exiting hydrogenation unit is: 

ṁL+ = ṁL− + ṁH2,in (3) 

The heat gerated in the hydrogenation reactor is: 

Qhy =
ṁH2,in

MH2
• qhy (4) 

Where qhy is the reaction heat per mole H2 of the hydrogenation 
reactions, the temperature of the heat equals the operating temperature 
of the hydrogenation unit. 

Assuming unloaded LOHC as the coolant of the hydrogenation 
reactor, the mass flow rate of the coolant is: 

ṁc,hy =
Qhy

Cp,L+,T hyΔT
(5) 

Where Cp,L+,T hy is the mass heat capacity at a constant pressure of the 
loaded LOHC at hydrogenation temperature, ΔT is the temperature rise 
of the coolant within the hydrogenation reactor, and assumed to be 10 K. 

Table 3 shows the LOHC properties for modeling the hydrogenation 
process. As a critical parameter determining the heat demand by LOHC 
preheating process, access to the heat capacity at a constant pressure of 
loaded and unloaded LOHCs is given special attention, as shown in 
Appendix A. 

2.2.3. Dehydrogenation unit 
The mass flow rate of hydrogen exiting the dehydrogenation unit is: 

ṁH2,out =
ṁL+

ML+
• MH2 • ∂ • ηde (6) 

Where ML+ is the molar mass of loaded LOHC, ηde is the dehydro-
genation rate. 

The mass flow rate of unloaded LOHC exiting the dehydrogenation 
unit is: 

ṁL− ,de = ṁL+ − ṁH2,out (7) 

The heat required by the dehydrogenation unit can be calculated by: 

Qde =
ṁH2,out

MH2
• qde (8) 

Where qde is the reaction heat per mole H2 of the dehydrogenation 
reactions. 

Table 4 shows the LOHC properties for modeling the dehydrogena-
tion process. 

2.2.4. Fuel cells 
The electricity generated by the fuel cell systems can be calculated by 

Equation (9). 

PFC = ṁH2,outHHVH2ηFC (9) 

The waste heat generated by the fuel cell system can be calculated by 
Equation (10). 

QFC = ṁH2,outHHVH2ηFC,h (10) 

Where ηFC is the ratio of fuel cell electricity output to the total higher 
heating value of the supplied hydrogen, ηFC,h is the ratio of fuel cell heat 
output to the total higher heating value of the supplied hydrogen, 
HHVH2 is the higher heating value of hydrogen, 142351 J/g. The tem-
perature of the heat equals the fuel cell operating temperature. 

Input parameters for modeling the fuel cells are given in Table 5. 

2.2.5. Heat storage unit 
Heat demand at the supplying or consuming side might not be 

Table 3 
Input parameters for the hydrogenation process [52].  

LOHC Thy(K) phy( bar) qhy( kJ/mol 
H2) 

ηhy(%) Molar mass (g/ 
mol) 

H0-DBT  453.15 50 65.4 100 272 
H0- 

NEC  
453.15 70 53 100 195 

H0-TOL  393.15 30 68.3 100 92 
H0- 

NAP  
573.15 69 66.3 100 128 

Notes: 
Thy: hydrogenation temperature, phy: hydrogenation pressure, ηhy: hydrogena-
tion rate.  

Table 4 
Input parameters for the dehydrogenation process.  

LOHC Tde(K)  
[52] 

pde( bar)  
[52] 

qde( kJ/mol 
H2) [52] 

ηde(%)

[7] 
Molar mass (g/ 
mol) [52] 

H18- 
DBT  

583.15 1 65.4 97 290 

H12- 
NEC  

503.15 1 53 90 207 

H6- 
TOL  

723.15 1 68.3 95 98 

H10- 
NAP  

593.15 1 66.3 99 138 

Notes: 
Tde : dehydrogenation temperature, pde: dehydrogenation pressure, ηde: hydro-
genation rate.  

Table 5 
Parameters for fuel cells.  

Parameter SOFC [60] PEMFC [70] 

TFC(K)  1023.15  353.15 
ηFC  40.8 %  40.0 % 
ηFC,h  38.0 %  33.0 %  
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synchronous with the hydrogen storage or release process, so a thermal 
storage unit is needed. The efficiency of the heat storage unit is 95 % 
[60]. 

2.2.6. Heat exchangers 
The energy conservation equation for the 1st preheater is: 

Cp,L− ṁL−
(
TL− ,out,1 − T0

)
= Cp,L+ṁL+

(
Thy − TL+,out,1

)
ηh (11) 

Where Cp,L− is the average mass heat capacity at a constant pressure 
of unloaded LOHC, Cp,L+ is the average mass heat capacity at a constant 
pressure of unloaded LOHC,TL0,out,1 is the temperature of unloaded LOHC 
exiting the 1st preheater, T0 is the ambient temperature, 298.15 K, 
TL+,out,1 is the temperature of loaded LOHC exiting the 1st preheater, ηh is 
the efficiency of the heat exchangers. 

The minimum temperature difference of heat exchange is: 

ΔTmini = TL+,out,1 − TL− ,out,1 (12) 

The heat exchanged in 1st preheater can be calculated as: 

Q1 = Cp,L− ṁL0
(
TL− ,out,1 − T0

)
(13) 

The energy conservation equation for the 2nd preheater is: 

Cp,L− ṁL−
(
TL− ,out,2 − TL− ,out,1

)
= Cp,L+,T hyṁc,hy

(
Thy − Tc,out,2

)
ηh (14) 

Where TL− ,out,2 is the temperature of the unloaded LOHC exiting the 
2nd preheater, Tc,out,2 is the temperature of coolant exiting the 2nd 
preheater. 

The minimum temperature difference of heat exchange is: 

ΔTmini = Tc,out,2 − TL− ,out,2 (15) 

The heat exchanged in 2nd preheater can be calculated as: 

Q2 = Cp,L− ṁL−
(
TL− ,out,2 − TL− ,out,1

)
(16) 

The hydrogen sources considered in this study have a lower tem-
perature than the hydrogenation temperature of selected LOHCs. In 
chains with SEL, hydrogen from the electrolyzer is heated to the hy-
drogenation temperature by the hydrogenation heat in a hydrogen 
preheater [71]. The energy conservation equation for the hydrogen 
preheater is: 

Cp,H2ṁH2,in
(
TH2,out,H − TEL

)
= Cp,L+,T hyṁc,hy

(
Tc,out,2 − Tc,out,H

)
ηh (17) 

Where TEL is the operating temperature of the electrolyzer, 353.15 K, 
TH2,out,H is the temperature of the H2 exiting the hydrogen preheater, 
Tc,out,H is the temperature of coolant exiting the hydrogen preheater, Cp,H2 

is the mass heat capacity at a constant pressure of hydrogen exiting the 

water electrolyzer. 
The heat exchanged in the hydrogen preheater is: 

QH = Cp,H2ṁH2,in
(
TH2,out,H − TEL

)
(18) 

In chains with SINDU, the temperature of hydrogen sources is heated 
during the compression process. 

The part of hydrogenation heat that can be consumed externally is: 

Qhy,r = Qhy −
Q2

ηh
−

QH

ηh
(19) 

The temperature of the heat source is Tc,out,H in chains with SEL and 
Tc,out,2 in chains with SINDU. 

The energy conservation equation for the 3rd preheater is: 

Cp,L+ṁL+
(
TL+,out,3 − T0

)
= Cp,L− ṁL− ,de

(
Tde − TL− ,out,3

)
ηh (20) 

The minimum temperature difference of heat exchange is: 

ΔTmini = TL− ,out,3 − TL+,out,3 (21) 

The heat exchanged in 3rd preheater can be calculated as: 

Q3 = Cp,L+ṁL+
(
TL+,out,3 − T0

)
(22) 

For chains with CSOFC, the waste heat from SOFC can be utilized to 
cover the LOHC preheat in the 4th preheater and dehydrogenation heat. 

The heat exchanged in 4th preheater can be calculated as: 

Q4 = Cp,L+ṁL+
(
Tde − TL+,out,3

)
(23) 

The part of SOFC waste heat that can be consumed externally is: 

QSOFC,r = QSOFC − Qde − Q4/ηh (24) 

The temperature of the waste heat is TSOFC. 
For chains with CINDU, end-users directly consume the hydrogen 

without converting hydrogen into electricity. Typical end-users in these 
chains would be industrial processes, e.g., steel making industry. Since 
waste heat usually exists at the end user’s side, the heat demands by the 
4th preheater and the dehydrogenation unit are assumed to be satisfied 
by on-site waste heat at Tde. The waste heat consumed by the 4th pre-
heater is Q4. 

For chains with CPEMFC, high-temperature waste heat is usually not 
available. Therefore, external electric heaters satisfy the heat demand by 
the 4th preheater and the dehydrogenation unit. 

As input parameters, the efficiency of the heat exchangers is 85 % 
[72], and the minimum temperature difference is 10 K. 

2.3. Exergy model 

Different energy forms, including electricity, hydrogen, and heat, are 
involved when evaluating the efficiency of LOHC chains, which makes 
the exergy method, which considers energy quantity and quality, a 
better option than the energy method. A standard environment should 
be defined first, and all subsequent calculations are based on this stan-
dard environment. This study takes the state of T0 = 298.15K, P0 =

1 atm as the standard environment. Mass flow exergy and energy flow 
exergy should be considered to conduct exergy analysis on an energy 
system. The mass flow exergy is the sum of physical, chemical, kinetic, 
and potential exergy. Since changes in kinetic exergy and potential 
exergy can be neglected in the present chains, the mass flow exergy is 
calculated as the sum of physical exergy and chemical exergy [73]: 

Exm = ṁe (25)  

e = eph + ech (26)  

eph =
∑

[(hi − h0) − T0(si − s0)] (27) 

Where m is the mass flow rate, e is the mass flow exergy per unit mass 
flow rate, eph is the physical exergy per unit mass flow rate, ech is the 

Table 6 
Energy and exergy efficiency definition of the LOHC chains with WHR.  

Chain Exergy efficiency Energy efficiency 

SEL-CSOFC ExSOFC,r + Exhy,r + PSOFC

ExH2,in 

QSOFC,r + Qhy,r + PSOFC

EnH2,in 

SEL-CPEMFC ExPEMFC,h + PPEMFC + Exhy,r

ExH2,in + Qde + Q4 

QPEMFC + PPEMFC + Qhy,r

EnH2,in + Qde + Q4 

SEL-CINDU ExH2,out + Exhy,r

ExH2,in + Exq,de + ExQ4 

EnH2,out + Qhy,r

EnH2,in + Qde + Q4 

SINDU-CSOFC ExSOFC,r + Exhy,r + PSOFC

ExH2,in + Pcomp,H2 

QSOFC,r + Qhy,r + PSOFC

EnH2,in + Pcomp,H2 

SINDU-CPEMFC ExPEMFC,h + PPEMFC + Exhy,r

ExH2,in + Qde + Q4 + Pcomp,H2 

QPEMFC + PPEMFC + Qhy,r

EnH2,in + Qde + Q4 + Pcomp,H2 

SINDU-CINDU ExH2,out + Exhy,r

ExH2,in + Exq,de + ExQ4 + Pcomp,H2 

EnH2,out + Qhy,r

EnH2,in + Qde + Q4 + Pcomp,H2 

Notes: 

ExSOFC,r = QSOFC,r

(
1 −

T0

TSOFC

)

, Exhy,r = Qhy,r(1 −
T0

TH2,h
), EnH2,in = mH2,inHHVH2, 

EnH2,out = mH2,deHHVH2, Exq,de = Qde(1 −
T0

Tde
), ExQ4 = Q4(1 −

T0

Tde
).  
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chemical exergy per unit mass flow rate, hi is the enthalpy, h0 is the 
enthalpy at the standard environment, si is the entropy, and s0 is the 
entropy at the standard environment. 

The chemical exergy of hydrogen is involved in this study, ech,H2 =

118050 J/g. 
The energy flow exergy consists of the exergy of work and heat. 

Exergy of work equals the value of work itself, while exergy of heat 
could be calculated by: 

Exq = (1 −
T0

Ts
)Q (28)  

where Ts is the heat source temperature in (K), Q is the heat in (W). 

2.4. Assessment criterion 

2.4.1. LOHC chains with WHR 
With the consideration of comprehensive waste heat recovery stra-

tegies, the energy and exergy efficiencies of the LOHC chains are defined 
in Table 6. The on-site waste heat in chains with CINDU is regarded as 
input of the chain because it could have been valuable elsewhere, even if 
it was not utilized for the LOHC chain. 

2.4.2. LOHC chains without WHR 
Table 7 shows the assessment criteria of the chains without WHR. 

The heat demands by all the heat exchangers are satisfied by the electric 
heating, so this part of heat should be viewed as energy input of the 
chain. The efficiency of the electric heater is assumed to be 100 %, so the 
electricity input of the electric heater equals the heat exchanged in the 
preheaters in the chains with WHR. The heat generated in the fuel cells 
and hydrogenation reactor is wasted, so it cannot be viewed as energy 
output. 

2.4.3. Traditional chains with WHR 
Table 8 shows the assessment criteria of the traditional chains, where 

Wcomp is the energy consumption of hydrogen compression in CHG 
process chain or the energy consumption of hydrogen liquefaction in the 
LH process chain. WHR is also considered in the traditional chains; heat 
generated by CSOFC or CPEMFC is assumed to be recovered for external 
heating purposes. 

3. Results 

Section 3.1 analyzes the preheating strategies with a comparison 
with the literature and then draws the exergy flow diagram of a typical 
chain. Section 3.2 compares the chains with various LOHC pairs, and 
Section 3.3 compares the chains with various hydrogen sources and 
consumers. Section 3.4 analyzes the chain efficiencies with and without 
WHR strategies. Section 3.5 presents an uncertainty analysis of the 
dehydrogenation rate and temperature. 

3.1. Preheating strategies 

All the chains with WHR use strategies L+-P-L- and HY-PL- to preheat 
the unloaded LOHC in all chains. The hydrogenation heat also preheats 
the input hydrogen in chains with SEL. The temperature of the unloaded 
LOHC and hydrogen after the preheating strategies is examined first. 
Table 9 lists the parameters of fluids exiting the 1st and 2nd preheater 
and hydrogen preheater in the SEL-CSOFC chain. 

At the hydrogen-supplying side, the unloaded LOHC is first heated in 
the 1st preheater by the loaded LOHC exiting the hydrogenation unit 
and then is heated in the 2nd preheater by the high-temperature coolant 
exiting the hydrogenation unit. Taking DBT as an example, H0-DBT can 
only be heated to 370.8 K in the 1st preheater and is then heated to 
442.3 K in the 2nd preheater. However, the temperature of the coolant 
as a high-temperature fluid in the 2nd preheater is only decreased from 

Table 7 
Energy and exergy efficiency definition of the LOHC chains without WHR.  

Chain Exergy efficiency Energy efficiency 

SEL-CSOFC PSOFC

ExH2,in + Qpreh + Qde 

PSOFC

EnH2,in + Qpreh + Qde 

SEL-CPEMFC PPEMFC

ExH2,in + Qpreh + Qde 

PPEMFC

EnH2,in + Qpreh + Qde 

SEL-CINDU ExH2,out

ExH2,in + Qpreh + Qde 

EnH2,out

EnH2,in + Qpreh + Qde 

SINDU-CSOFC PSOFC

ExH2,in + Pcomp,H2 + Qpreh + Qde 

PSOFC

EnH2,in + Pcomp,H2 + Qpreh + Qde 

SINDU-CPEMFC PPEMFC

ExH2,in + Qpreh + Qde + Pcomp,H2 

PPEMFC

EnH2,in + Qpreh + Qde + Pcomp,H2 

SINDU-CINDU ExH2,out

ExH2,in + Qpreh + Qde + Pcomp,H2 

EnH2,out

EnH2,in + Qpreh + Qde + Pcomp,H2 

Notes: 
Qpreh = Q1 + Q2 + Q3 + Q4  

Table 8 
Energy and exergy efficiency definition of the traditional chains with WHR.  

Traditional chains Exergy efficiency Energy efficiency 

SEL-CSOFC ExSOFC + PSOFC

ExH2,in + Pcomp 

QSOFC + PSOFC

EnH2,in + Pcomp 

SEL-CPEMFC ExPEMFC + PPEMFC

ExH2,in + Pcomp 

QPEMFC + PPEMFC

EnH2,in + Pcomp 

SEL-CINDU ExH2,out

ExH2,in + Pcomp 

EnH2,out

EnH2,in + Pcomp 

SINDU-CSOFC ExSOFC + PSOFC

ExH2,in + Pcomp 

QSOFC + PSOFC

EnH2,in + Pcomp 

SINDU-CPEMFC ExPEMFC + PPEMFC

ExH2,in + Pcomp 

QPEMFC + PPEMFC

EnH2,in + Pcomp 

SINDU-CINDU ExH2,out

ExH2,in + Pcomp 

EnH2,out

EnH2,in + Pcomp  

Table 9 
The temperature of fluids exiting the 1st, 2nd, and hydrogen preheater in the SEL-CSOFC chain with WHR strategies.  

LOHC TL− ,out,1(K) TL− ,out,2(K) TL+,out,1(K) Tc,out,2(K) TH2,out,H(K) Tc,out,H(K) 

DBT  370.8  442.3  380.8  452.3  441.8  451.8 
NEC  368.0  441.9  378.0  451.9  441.2  451.2 
TOL  327.1  381.7  337.1  391.7  381.5  391.5 
NAP  391.0  559.1  401.0  569.1  558.1  568.1  

Table 10 
Heat demands by LOHC preheating in the SEL-CSOFC chain with WHR strategies.  

LOHC Q1(MW) Q2(MW) Q3(MW) Q4(MW) Qpreh
a 

(MW) 
Qpreh

EnH2,in
b(%) 

DBT  
1.5  1.5  2.9  4.3  10.2  8.9 

NEC  1.8  1.9  2.5  3.4  9.6  8.4 
TOL  2.0  3.8  10.3  7.7  23.8  20.9 
NAP  5.4  9.7  6.0  4.8  25.8  22.7 

Notes: 
aQpreh = Q1 + Q2 + Q3 + Q4 
bEnH2,in = mH2,inHHVH2 = 113.9 MW  
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453.2 K to 452.3 K. Then the high-temperature coolant is further cooled 
to 451.8 K in the hydrogen preheater. At the same time, hydrogen is 
preheated to 441.8 K. For various LOHCs, the temperature of unloaded 
LOHC and hydrogen entering the hydrogenation unit after preheating is 
10.9–14.1 K and 11.4–15.1 K lower than the hydrogenation tempera-
ture, which means that the waste heat generated by the hydrogenation 
unit can preheat the unloaded LOHC and hydrogen to the desired tem-
perature approaching the hydrogenation temperature. 

Table 10 shows heat demands by the LOHC preheating in the SEL- 
CSOFC chain. The heat required for DBT and NEC preheating accounts for 
8.9 % and 8.4 % of the input hydrogen energy, and this figure is lower 
than that of TOL (20.9 %) and NAP (22.7 %). The difference is that the 
heat capacity of TOL/NAP is higher than DBT/NEC, as seen in Appendix 
A. In addition, the dehydrogenation temperature of TOL is the highest 
among the LOHCs, while the hydrogenation temperature of NAP is the 
highest. 

Fig. 3 shows the exergy flow diagram of the DBT-based chain SEL- 
CPEMFC with WHR. The recovered heat for preheating (through 1st 
preheater and 2nd preheater) at the hydrogen-supplying side is rela-
tively low (0.8 MW). The amount of available waste heat that can be 
consumed for external heating purposes at the hydrogen-supplying side 
(7.5 MW) is similar to that in the hydrogen-consuming side (8.0 MW). 
14.9 MW exergy is recovered for loaded LOHC preheating before 
dehydrogenation and endothermic dehydrogenation. The dehydroge-
nation process requires more exergy than the exergy generated by the 

hydrogenation process because the dehydrogenation temperature is 
higher than the hydrogenation temperature. The exergy flow diagrams 
of other chains and LOHC materials are not drawn, but Tables 11 and 12 
provide related information. 

3.2. Efficiency of one representative chain for the four selected LOHCs 

Fig. 4 compares chain energy and exergy efficiencies among various 
LOHCs in chain SEL-CSOFC. The chain energy/exergy inputs and outputs, 
i.e., input hydrogen energy and reusable heat from hydrogenation at the 
hydrogen-supplying side, the electricity output by the SOFC to the end 
user, and reusable heat at the hydrogen-consuming side, are shown in 
Table 11. 

The NAP chain has the highest electricity output to the end-user 
(46.0 MW) because of the highest dehydrogenation rate among the 
four LOHCs, while the NEC chain has the lowest (41.8 MW). However, 
the energy efficiency of the NAP chain is the lowest (57.8 %) as it re-
quires the most heat consumption for LOHC preheating, while the en-
ergy efficiency of the NEC chain (64.7 %) is the second highest. 

DBT and NEC are well-studied LOHCs that are most used in 

Fig. 3. Exergy flow diagram of the DBT-based SEL-CSOFC chain with 
WHR strategies. 

Table 11 
Energy and exergy input and output of SEL-CSOFC chains for selected LOHCs including all WHR strategies (in MW).  

LOHC Hydrogen input Heat output 
at supplying 
side 

Heat output at 
consuming 
side 

Electricity output to 
end-user 

Energy Exergy Energy Exergy Energy Exergy Energy/Exergy 

DBT  113.9  99.1  22.0  7.5  11.0  8.0  45.1 
NEC  113.9  99.5  16.8  5.7  15.1  10.9  41.8 
TOL  113.9  98.5  21.3  5.1  5.8  4.2  44.1 
NAP  113.9  99.5  11.7  5.6  10.4  7.5  46.0  

Table 12 
Energy and exergy input and output of the DBT chains including all WHR strategies (in MW).  

Chain Hydrogen 
input 

Hydrogen compression Heat output 
at supplying side 

Heat output 
at consuming side 

External heat input Output to end-users 

Energy Exergy Energy/Exergy Energy Exergy Energy Exergy Energy/Exergy Energy Exergy 

SEL-CSOFC  113.9  99.1 0  22.0  7.5 11.0 8.0 0  45.1  45.1 
SEL-CPEMFC  113.9  99.1 0  22.0  7.5 34.6 5.4 7.1  44.2  44.2 
SEL-CINDU  113.9  99.1 0  22.0  7.5 0 0 7.1  110.5  91.6 
SINDU-CSOFC  113.9  94.4 6.2  23.2  7.9 11.0 8.0 0  45.1  45.1 
SINDU-CPEMFC  113.9  94.4 6.2  23.2  7.9 34.6 5.4 7.1  44.2  44.2 
SINDU-CINDU  113.9  94.4 6.2  23.2  7.9 0 0 7.1  110.5  91.6  

Fig. 4. Energy and exergy efficiencies of SEL-CSOFC chains including all WHR 
strategies for selected LOHCs. 
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commercial applications. The energy efficiency of the DBT chain (68.6 
%) is 4 % higher than that of the NEC chain (64.7 %), mainly because the 
loaded DBT has a higher dehydrogenation rate (97 %) than NEC (90 %). 
The difference between the exergy efficiency of DBT and NEC chains is 
smaller (2.4 %). 

Although the energy efficiency of the NAP chain (59.8 %) is lower 
than that of the TOL chain (62.6 %), the exergy efficiency order is 
reversed mainly because the NAP’s higher hydrogenation temperature 
leads to a higher exergy output at the hydrogen-supplying side. 

3.3. Efficiency of all chains based on DBT 

The energy and exergy efficiencies of the selected LOHC chains based 
on DBT are shown in Fig. 5, while Table 12 shows the energy/exergy 
inputs and outputs. The output to end-users in the last column of 
Table 12 is electricity output in chains with CPEMFC and CSOFC and is 
hydrogen energy output in chains with CINDU. 

With regard to the supply side, the energy and exergy efficiencies of 
SINDU chains in which hydrogen is produced as a by-product are lower 
than those in corresponding SEL chains sourced by electrolyzers, even 
though hydrogen needs to be preheated in the SEL chains. The reason is 
that, unlike SEL chains, SINDU chains require additional energy for 
hydrogen compression of 6.2 MW before the hydrogenation process, 
which is 5.4 % of the energy content of the hydrogen input. 

Regarding the demand side, the energy and exergy efficiencies of the 
CINDU chains with the industrial consumer are higher than that of the 

corresponding CSOFC or CPEMFC chains with fuel cells. In total 91.6 MW of 
energy is supplied to the hydrogen-fed industrial process, which is 
higher than the combined electricity and heat output in the CPEMFC or 
CSOFC chains due to the energy losses in the fuel cells. In addition, the 
heat demand at the hydrogen-consuming side in CINDU chains is satisfied 
by waste heat, while this heat demand needs to be met by electrical 
heaters in the CPEMFC chains requiring electricity as input with a higher 
energy quality than waste heat. 

The CPEMFC chains and CSOFC chains rank differently with regard to 
energy and exergy efficiencies. The energy efficiency of the CPEMFC 
chains is slightly higher than that of CSOFC chains, while the exergy ef-
ficiency of the latter is higher because the quality of the heat generated 
by the SOFC systems is higher than that generated by PEMFC systems. 

3.4. Efficiencies with and without WHR 

Fig. 6 shows the energy and exergy efficiencies of the chains with and 
without WHR strategies. In the SEL chains, WHR strategies improve the 
efficiencies of the SEL-CINDU chain the least, with an energy efficiency 
increase ranging from 15.6 % to 21.7 % points and an exergy efficiency 
increase ranging from 8.1 % to 13.9 % points because at the hydrogen- 
consuming side no waste heat generated that can be recovered. The 
energy efficiency increase of the SEL-CPEMFC chain (36.5 %-40.8 % 
points) is the highest. The exergy efficiency increase of the SEL-CSOFC 
chain (24.5 %-29.0 % points) is the highest due to the high-temperature 
waste heat generated by SOFC, which can be utilized to preheat the 

Fig. 5. Comparison of energy and exergy efficiencies among DBT chains with 
WHR strategies. 

Fig. 6. Energy and exergy efficiencies of the chains with and without WHR strategies.  

Fig. 7. Efficiencies of DBT chains and traditional chains including all 
WHR strategies. 
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loaded LOHC and to satisfy the dehydrogenation heat at the hydrogen- 
consuming side. In addition, the energy quality of the heat output from 
SOFC is also higher than that of PEMFC. The ranking of the SINDU chains 
with the three hydrogen consumers with regard to efficiencies 
improvement by WHR strategies is the same as that in the SEL chains. 

LOHC material is another factor that could affect the efficiency 
increasing rate by WHR. For example, the energy efficiency of the TOL- 
based SEL-CINDU chain is the lowest compared with the SEL-CINDU chain 
based on other LOHC material if WHR is not implemented but becomes 
the second largest if WHR is fully implemented. The main reason is that 
TOL has the highest hydrogenation heat. The exergy efficiency of the 
NAP-based SINDU-CSOFC chain is the lowest and the second largest, 
respectively, without and with comprehensive WHR strategies, mainly 
because of the high dehydrogenation temperature of H10-NAP which 
makes the energy quality of the recovered heat at hydrogen-consuming 
side higher. 

3.5. Comparison with traditional chains 

Fig. 7 compares DBT-based LOHC chain efficiency with traditional 
chains when WHR strategies are fully considered. For the SEL-CSOFC 
chain, the energy efficiency of the DBT chain (68.6 %) is much lower 
than CHG chain (75.6 %) is the highest, but only slightly lower than that 
of the LH chain (69.5 %). From the perspective of exergy efficiency, the 
differences between the DBT chain (61.1 %) and the LH chain (68.0 %) 
are enlarged. For the SINDU-CSOFC chain, the energy efficiency ranking of 
the studied three hydrogen storage methods is the same as that of the 
SEL-CSOFC chain, i.e., CHG-based chain > LH-based chain > DBT-based 
chain. However, from a perspective of exergy, the efficiency of the DBT- 
based chain (60.6 %) becomes the highest compared with the LH-based 
chain (47.9 %) and the CHG-based chain (52.0 %), which mainly results 
from the increased electricity input for compression by CHG chain or 
liquefaction by the LH chain. In addition, the high-temperature heat 
generated by the SOFC can be recovered to satisfy the dehydrogenation 
heat demand, which increases the exergy efficiency of the DBT-based 

Table 13 
Efficiency of LOHC chains under full dehydrogenation and comprehensive WHR strategies.  

Chain DBT NEC TOL NAP 

Energy Exergy Energy Exergy Energy Exergy Energy Exergy 

SEL-CSOFC  70.2 %  62.9 %  70.6 %  64.9 %  65.2 %  28.2 %  60.3 %  60.0 % 
SEL-CPEMFC  71.7 %  44.6 %  71.0 %  45.1 %  69.0 %  41.9 %  64.1 %  40.4 % 
SEL-CINDU  94.2 %  89.4 %  94.4 %  91.4 %  90.7 %  83.6 %  86.5 %  84.8 % 
SINDU-CSOFC  67.8 %  62.3 %  67.8 %  64.2 %  62.8 %  56.5 %  59.3 %  60.2 % 
SINDU-CPEMFC  70.8 %  43.1 %  69.8 %  43.3 %  68.1 %  40.6 %  64.3 %  40.9 % 
SINDU-CINDU  91.1 %  88.6 %  90.8 %  90.4 %  87.9 %  82.8 %  84.4 %  86.8 %  

Table 14 
Effect of dehydrogenation temperature on the NEC-based chain efficiency with a 
dehydrogenation rate of 0.9 and comprehensive WHR strategies.  

Efficiency Dehydrogenation temperature (K) 

453.15 503.15 543.15 

SEL-CSOFC Energy  65.5 %  64.7 %  64.1 %  
Exergy  59.4 %  58.7 %  58.2 % 

SEL-CPEMFC Energy  66.5 %  66.1 %  65.8 % 
Exergy  42.0 %  41.8 %  41.5 % 

SEL-CINDU Energy  88.0 %  87.5 %  87.1 % 
Exergy  84.8 %  83.5 %  82.5 % 

SINDU-CSOFC Energy  63.0 %  62.2 %  61.6 % 
Exergy  58.8 %  58.1 %  57.6 % 

SINDU-CPEMFC Energy  65.3 %  65.0 %  64.7 % 
Exergy  40.4 %  40.1 %  39.9 % 

SINDU-CINDU Energy  84.7 %  84.2 %  83.8 % 
Exergy  83.9 %  82.6 %  81.6 %  

Fig. 8. Efficiencies of the most efficient NEC chains and traditional chains with 
all WHR strategies. 

Table A1 
Loaded LOHC properties for heat capacity calculation.  

LOHC Cp,T0(J/ 
K*mol) 

Cp,Tde (J/ 
K*mol) 

ΔHl− g(J/mol) Cp,L+(J/ 
K*g) 

H6-TOL a  185.3  305.7 30961@376.5 
K  

3.31 

H10-NAP a  232.4  404.6 40658@465.8 
K  

3.24 

H12-NEC a  352.1  506.7 0a  2.07 
H18-DBT  

[40]  
449.5  678.6 0  1.94 

Notes: 
a: Aspen Plus Properties 

Table A2 
Unloaded LOHC properties for heat capacity calculation.  

LOHC Cp,T0(J/ 
K*mol) 

Cp,Thy (J/ 
K*mol) 

ΔHs− l(J/mol) ΔHl− g(J/mol) Cp,L0(J/ 
K*g) 

H0- 
TOL 
a  

157.7  188.7 0 33240@382.7 
K  

5.62 

H0- 
NAP 
a  

165.7  300.3 18993@353.2 
K 

43237@491.6 
K  

5.69 

H0- 
NEC 
a  

221.6  352.1 16169@342.4 
K 

0  2.01 

H0- 
DBT  
[40]  

242.3  525.0 0 0  1.75 

Notes: 
a: Aspen Plus Properties 
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chain. 
For the SEL-CPEMFC chain, the energy efficiency of the DBT chain 

(70.4 %) is the highest compared with traditional chains. However, the 
exergy efficiency of the CHG chain is the highest (48.4 %), while the 
exergy efficiency of the DBT (43.7 %) chain is slightly lower than that of 
the LH chain (44.0 %). For the SINDU-CPEMFC chain, the ranking of energy 
and exergy efficiencies of the studied three hydrogen storage methods is 
the same as that in the SEL-CPEMFC chain. 

For the SEL-CINDU chain, the energy efficiency of the CHG chain (96.0 
%) is the highest, while the energy efficiency of the LH chain (88.2 %) is 
the lowest. Also, with respect to the exergy efficiency, the CHG chain 
scores the best (90.9 %), and the LH chain the worst (82.6 %). The 
ranking of energy and exergy efficiencies of the three hydrogen storage 
methods in the SINDU-CINDU chain is the same as that in the SEL-CINDU 
chain. 

3.6. Uncertainty analysis 

The dehydrogenation rate of loaded LOHC can directly influence the 
amount of produced hydrogen with a high energy density and therefore 
affect the whole chain efficiency. The values of the dehydrogenation rate 
in Table 4 are retrieved from [7]. However, the dehydrogenation rate 
can vary with the dehydrogenation temperature and time, and a longer 
dehydrogenation duration or a higher dehydrogenation temperature 
usually leads to a higher dehydrogenation rate [52]. For example, a full 
dehydrogenation of NEC can be achieved at 543.15 K in 25 min or 
453.15 K in 250 min [74,75]. 

Table 13 shows the energy and exergy efficiencies of the LOHC 
chains under full dehydrogenation and comprehensive WHR. Compared 
with the basic cases shown in Fig. 5, the energy and exergy efficiencies 
are increased under full dehydrogenation, which leads to more energy/ 
exergy supply to the hydrogen consumer, although the heat demand by 
the dehydrogenation heat is increased. The NEC-based chains become 
more efficient than the DBT-based chains. Table 14 shows the effect of 
dehydrogenation temperature on the efficiency of NEC-based chains. 
The chains are more efficient with lower dehydrogenation temperature 
because both the heat demand by the loaded LOHC preheating and the 
exergy of the dehydrogenation heat are decreased. 

Tables 13 and 14 show that the conditions for the most efficient NEC 
chains are full dehydrogenation and a dehydrogenation temperature of 
453.15 K when WHR strategies are considered. Comparing the most 
efficient NEC chains with traditional chains, as shown in Fig. 8, enables 
the following statement: 

The NEC-based chain is more efficient than the LH chain in most 
cases. Only in the SEL-CSOFC chain, NEC results in a lower exergy effi-
ciency than LH, and only in the SEL-CINDU and SINDU-CSOFC chains, NEC 
results in lower energy efficiency. On the other hand, compared to the 
CHG storage method, NEC is less favorable and scores in three chains 
(SEL-CPEMFC, SINDU-CPEMFC, and SINDU-CINDU) better with regard to energy 
efficiency, and three (SEL-CINDU, SINDU-CSOFC, and SINDU-CINDU) with re-
gard to exergy efficiency. 

4. Discussion 

This section compares the results of this study with previous litera-
ture first, then discusses this study’s limitations and implications for the 
real world. 

4.1. Literature comparison 

By Aspen Plus software [62] calculated the energy efficiency of a SEL- 
CSOFC NEC chain where the heat output of SOFC is recovered to cover the 
dehydrogenation heat. Based on the raw data provided in [62], it can be 
retrieved that the hydrogen-to-electricity efficiency based on HHV of 
hydrogen of the SEL-CSOFC chain is 35.7 % under the input parameters of 
this study (SOFC efficiency: 40.8 %, dehydrogenation rate: 90 %), and 

the value in this study is 36.7 %. The result of this study fit well with 
[62] even though a different software/program was utilized for 
modeling, which can partly validate this study. The efficiencies calcu-
lated in this study vary a lot compared to that of corresponding chains in 
several studies [7,53,60,61], mainly because of the following variations 
in chain configurations: 1) whether the electrolyzer is considered part of 
the chain and the loss of the electrolyzer is considered or not. 2) whether 
the dehydrogenation heat is covered by electric heating, natural gas 
combustion, hydrogen combustion, or waste heat. 3) whether the losses 
during the transportation process are considered or not. 4) definition of 
assessment criteria. 

The results of the preheating strategies in this study are compared 
with that in the literature. [53] reported that the preheating of H0-DBT 
to the hydrogenation temperature (423.15 K) requires 4.7 kJ heat per 
mole hydrogen, while it can be derived from Table 10 that the value by 
this study is 7.6 kJ/mol H2. The causes for the difference include: 1) this 
study assumes a higher hydrogenation temperature (453.15 K) and 2) 
this study uses the average heat capacity of H0-DBT, which is higher 
than the heat capacity at 298.15 K in [53]. It was assumed that H0-DBT 
could be preheated to the hydrogenation temperature by hot H18-DBT 
without considering the actual heat exchange process in [63]. Howev-
er, this study shows that part of the hydrogenation heat is needed to 
preheat H0-DBT further. Similarly, it was assumed that the H18-DBT 
could be preheated to the dehydrogenation temperature by the hot 
H0-DBT in [53]. The hydrogenation heat was assumed to preheat H0- 
DBT directly, while the heat embedded in hot H18-DBT was wasted in 
[54]. 

4.2. Caveats in this study 

Assessing different LOHC chains requires a considerable amount of 
input data which is fully reported based on an extensive literature re-
view. An uncertainty analysis concerning dehydrogenation rate and 
temperature is done. This section further elaborates on a few issues 
concerning this study’s limitations. 

• This study ignored the biol-off losses in the LH chains. It was esti-
mated that about 1.5–3 % of hydrogen vaporizes daily because of 
heat input from surroundings [76]. The results in this study show the 
excellence of LOHC against LH with regard to efficiency in most 
cases, especially under full dehydrogenation. For long-term 
hydrogen storage, the efficiency of LH chains can be further low-
ered by boil-off.  

• This study considers only four LOHC pairs for comparison due to the 
adequacy of their available thermodynamic data in the open litera-
ture, but more LOHC pairs have been proposed [45–51]. Investi-
gating and publishing the thermodynamic properties of these 
materials is highly recommended, which can support the assessment 
of the chains based on other LOHC pairs.  

• Reutilizing the compression work in a hydrogen pressure tank in the 
CHG-based chains is possible[77,78]. However, the utilization of the 
compression work is not considered because the focus of this study is 
the waste heat recovery of the LOHC chains, and the technology of 
reutilizing the compression work is not as mature as the WHR 
technologies.  

• For the chains with hydrogen-fed industrial processes as the 
hydrogen consumer, heat is supplied from the industrial processes to 
the LOHC chains; however, the traditional chains do not require this 
part of heat. To make it a fair comparison among the chains, the 
recovered heat in the LOHC chains is considered energy input in the 
definition of chain efficiencies.  

• The uncertainty regarding the fuel cell efficiency and heat exchanger 
parameters is not considered. The fuel cell efficiency causes small 
uncertainty in comparing the LOHC chains with traditional chains 
because fuel cells are part of both. The ranking between the effi-
ciencies of chains with CSOFC and CPEMFC might change when the fuel 
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cells’ efficiency is altered. The same heat exchanger parameters are 
used for all the chains, which causes small uncertainty to the results 
regarding comparison.  

• This study deals only with efficiency but not the economic aspect. 
Techno-economic evaluation of LOHC-chains with WHR strategies is 
recommended for further research.  

• This study assumes heat recovery within the LOHC chain for external 
heating purposes without considering how the heat is utilized. It is 
recommended to investigate the performance of integrating the 
thermodynamic cycles, e.g., absorption refrigeration and organic 
Rankine cycles, with the LOHC chains. 

4.3. Implications for real world 

This paper implies that WHR strategies should be considered to 
improve the efficiency of LOHC chains. Internally, the self-preheating of 
LOHC flows and heat integration between the dehydrogenation unit and 
end-users should always be considered. Externally, it is preferable to 
locate the hydrogenation in a place with sufficient heat demand. 

For the selection of hydrogen storage methods for an actual project, 
this study implies that the DBT-based LOHC chain with WHR strategies 
can be the most efficient in several scenarios compared to the traditional 
hydrogen storage methods. Besides efficiency, the economic perfor-
mance of the chains also matters a lot in the real world. The safety ad-
vantages and the possibility of reutilizing the existing infrastructure 
enabled by LOHC should also be considered. 

5. Conclusion 

24 LOHC chains, which are differentiated by hydrogen sources, end- 
users, and LOHC pairs, are assessed from the perspectives of energy and 
exergy. WHR strategies are designed for those chains to evaluate to what 
extent the WHR strategies can improve the chain efficiencies. The LOHC 
chains are also compared with traditional hydrogen storage chains 
based on LH and CHG technology. 

WHR strategies significantly improve the LOHC chains with regard 
to energy and exergy efficiencies. WHR strategies can increase energy 
efficiency with up to 21.7 % points for the chain with hydrogen-fed 
industrial consumers and 40.8 % points for chains with a fuel cell as 

the hydrogen consumer. The exergy efficiency of the chain with 
hydrogen sources from the electrolyzer and PEMFC as the hydrogen 
consumer can improve up to 29.0 % points. However, the LOHC chains 
are still less efficient than the corresponding LOHC chains even if the 
WHR strategies are implemented except for the following cases: the DBT 
chain with PEMFC as the hydrogen consumer has a higher energy effi-
ciency (70.4 % for hydrogen source from electrolyzer/69.5 % for 
hydrogen source as an industrial by-product) than traditional chains, 
including CHG (68.7 %/66.7 %) and LH chains (63.1 %/62.2 %) when 
WHR strategies are implemented. The exergy efficiency of the DBT chain 
with hydrogen sources at ambient conditions and SOFC as the hydrogen 
consumer is higher than the traditional hydrogen storage chains. The 
DBT chains with WHR strategies score higher than the LH chains in most 
cases, even if the boil-off loss is ignored in the LH chains. 
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Appendix A. Calculation of LOHC heat capacity 

A1. Heat capacity of loaded LOHC 

Giving Cp,L+ as the average mass heat capacity of the loaded LOHC when the loaded LOHC is heated from T0 to Tde, the heat required by the 3rd 
preheater and the 4th preheater is calculated as: 

Q3 +Q4 = Cp,L+mL+(Tde − T0) (A-1) 

All the selected loaded LOHC materials at ambient conditions are liquid but two of them are gas at dehydrogenation temperature, i.e., TOL and 
NAP. Taking the enthalpy change during the phase change process into consideration, the heat required by the 3rd preheater and the 4th preheater can 
also be calculated as: 

Q3 +Q4 =
Cp,T0 + Cp,Tde

2
mL+

ML+
(Tde − T0)+ΔHl− g

mL+

ML+
(A-2) 

Where Cp,T0 is the molar heat capacity of loaded LOHC at ambient temperature, Cp,Tde is the molar heat capacity at dehydrogenation temperature, 
ΔHl− g is the enthalpy change of LOHC during the liquid–gas phase change process. 

Combined Equation S1-1 and S1-2, we have: 

Cp,L+ = (
Cp,T0 + Cp,Tde

2
+

ΔHl− g

Tde − T0
)/ML+ (A-3) 

Properties of the loaded LOHCs as input are shown in Table A1. 

A2. Heat capacity of unloaded LOHC 

Giving Cp,L0 as the average mass heat capacity of the loaded LOHC when the loaded LOHC is heated from T0 to Thy, the heat required by the 1st 
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preheater and the 2nd preheater is calculated as: 

Q1 +Q2 = Cp,L0mL0
(
Thy − T0

)
(A-4) 

H0- NAP and H0-NEC are solid but H0-TOL and H0-DBT are liquid at ambient temperature, while H0-DBT and H0-NEC are liquid but H0-TOL and 
H0-NAP are gas at hydrogenation temperature. Taking the enthalpy change during the phase change process into consideration, the heat required by 
the 3rd preheater and the 4th preheater can also be calculated as: 

Q1 +Q2 =
Cp,T0 + Cp,Thy

2
mL0

ML0

(
Thy − T0

)
+(ΔHl− g +ΔHs− l)

mL0

ML0
(A-5) 

Where Cp,T0 is the molar heat capacity of unloaded LOHC at ambient temperature, Cp,Thy is the molar heat capacity at hydrogenation temperature, 
ΔHs− l is the enthalpy change of LOHC during the solid–liquid phase change process, ΔHl− g is the enthalpy change of LOHC during the liquid–gas phase 
change process. 

Combining equation Eq. (A1-4) with (A1-5), we have: 

Cp,L0 = (
Cp,T0 + Cp,Thy

2
+

ΔHs− l + ΔHl− g

Thy − T0
)/ML0 (A-6) 

Properties of the unloaded LOHCs as input are shown in Table A2. 
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[30] Auer F, Blaumeiser D, Bauer T, Bösmann A, Szesni N, Libuda J, et al. Boosting the 
activity of hydrogen release from liquid organic hydrogen carrier systems by 
sulfur-additives to Pt on alumina catalysts. Cat Sci Technol 2019;9:3537–47. 

[31] Zhu T, Yang M, Chen X, Dong Y, Zhang Z, Cheng H. A highly active bifunctional 
Ru–Pd catalyst for hydrogenation and dehydrogenation of liquid organic hydrogen 
carriers. J Catal 2019;378:382–91. 

[32] Gianotti E, Taillades-Jacquin M, Rozière J, Jones DJ. High-Purity Hydrogen 
Generation via Dehydrogenation of Organic Carriers: A Review on the Catalytic 
Process. ACS Catal 2018;8:4660–80. 
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