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Greenhouse gaseous (GHG) emissions are significant global challenges, leading to climate change. The 
industrial sector is the most significant contributor to global energy consumption, burning fuel and emitting GHG. 
This study aims to extend the Total Site Heat Integration (TSHI) methodology for clean decentralised energy 
systems to power an eco-city with Urban-Industrial Symbiosis (UIS). The system is assumed to work on the 
UIS's thermal energy and power systems. A Pinch-based cascade analysis is extended to simulate the hydrogen 
energy storage to recover thermal and electricity in the energy system, which can determine the hydrogen 
storage capacity, known as Total Site - Hydrogen Storage Cascade (TS-H2SC). The hydrogen energy storage 
system is configured to store excess electricity, and waste heat energy potential to be consumed later or sold 
off by the system. The methodology is demonstrated with an illustrative case study to integrate hydrogen storage 
for energy recovery in an Urban-Industrial Energy System. In the illustrative case study, the total electricity to 
be sold to the grid is found at 701 kWh, while the capacity of the Liquid Organic Hydrogen Carrier (LOHC) 
system is targeted at 2,616 kg of loaded LOHC. The application of a hydrogen storage system is compared with 
thermochemical energy storage and power storage systems. The research found that the LOHC system with 
condensing steam turbine rather than ORC has the most significant potential for energy saving in the UIES.  

1. Introduction 
United Nations stated the Sustainable Development Goals at UN General Assembly in September 2015. Goals 
no. 7, 11 and 13 in Affordable and Clean Energy, Sustainable Cities and Communities and Climate Action are 
addressed by this research. Goal 7 ensures affordable, reliable, sustainable, and modern energy access. By 
2030, international cooperation enhances access to clean energy research and technology, including renewable 
energy, energy efficiency and cleaner fossil-fuel technology, and clean energy technology. Energy is the 
dominant contributor to climate change, accounting for around 60 % of global greenhouse gas emissions. 
Decentralised energy systems were found highly effective in energy efficiency, including the Total Site Heat 
Integration Urban-Industrial Symbiosis (UIS), which powers up the Eco-City (Yong et al., 2021). This concept 
enhances energy efficiency by synergising the energy availability between industries and urban sectors, i.e. 
civil, residential, business or commercial and services complexes. The improvement of energy efficiency through 
heat integration in industries and the integration of renewable energy systems in urban facilities would 
significantly contribute to the development of the energy industry. This concept has been proven in certain cities 
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globally for their energy efficiency. Therefore, the Urban-Industry Energy System (UIES) can be the emerging 
energy system concept to reduce greenhouse gas emissions. 
With the integration of renewable energy and urban energy requirement in the UIS, energy storage has become 
vital in handling the fluctuation of energy and process to balance the energy supply and demand (Butturi et al., 
2019). Thermal energy storage (Mahon et al., 2022) and battery storage (Lin and Zamora, 2022) have been 
studied for implementation in the UIES. Liew et al. (2018) integrated the thermochemical energy storage for 
thermal energy recovery for Total Site industrial and urban energy systems. Mohammad Rozali et al. (2018) 
studied battery storage for harmonising the electricity supply and demand through a hybrid power system for 
industrial and residential energy systems using Power Pinch Analysis. Lee et al. (2020) studied thermal energy 
and battery storage for electricity and heat recovery for locally integrated energy sectors.   
Hydrogen energy storage is believed to be capable of storing energy at a large scale for achieving a 100 % 
renewable energy system (Colbertaldo et al., 2019), in which the energy content of liquid and gaseous hydrogen 
has exceeded double energy storage intensity of the conventional fuel (Abe et al., 2019). Mah et al. (2021) 
integrated the Liquid Organic Hydrogen Carrier (LOHC) as energy storage for a standalone hybrid power energy 
system with a solar PV energy supply. 
This work introduces the Total Site Hydrogen Storage Cascade (TS-H2SC) to integrate hydrogen energy storage 
with Urban-Industrial Symbiosis based on the Total Site Heat and Power Integration methodologies, as shown 
in Figure 1. The figure illustrates that LOHC is integrated as the storage system for this methodology, which 
could later be adapted to other hydrogen storage systems. In addition, the methodology considers the energy 
recovery for the thermal and power energy systems using a hydrogen storage system.  
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Figure 1: Integration of the hydrogen energy storage system in Urban-Industrial Energy System, after Eypasch 
et al. (2017) 

2. Methodology 
The following methodology is proposed for targeting the hydrogen storage system for the urban-industrial 
integrated heat and power system.  
a. Collect the thermal energy stream and electricity consumption data for all the industrial and commercial 

buildings in the UIS system.  
b. Perform thermal energy targeting for the individual processes at all time slices (TSLs) to determine minimum 

energy requirements using Problem Table Algorithm (PTA) and Multiple-Utility PTA (MU-PTA) analysis (Liew 
et al., 2018). 

c. Perform thermal energy targeting for multiple plants with multiple utilities to determine minimal overall utility 
requirements using Total Site PTA (TS-PTA) (Liew et al., 2018). 

d. Using the cogeneration estimation table, estimate the power generation potential through backpressure and 
condensing turbines (Lee et al., 2020). 

e. Determine the net electricity generation based on electricity demand and renewable energy power 
generation for every hour. 

f. Perform hydrogen energy storage targeting for determining the storage capacity using Total Site Hydrogen 
Storage Cascade (TS-H2SC), as shown in Table 1. The steps are described as follows: 
• Determine the amount of power generation potential from the waste heat every hour, as follows: 

o Record the different types of waste heat available from the thermal energy system  
o Determine the amount of Alternative Current (AC) generated by the ORC system, while the efficiency 

of an electric heater would be used when there is heat demand from the process.  
o Determine the amount of Direct Current (DC) converted from the AC generated  
o Sum up the total amount of DC generated from the waste heat (𝐷𝐷𝐷𝐷𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒.𝑖𝑖) in the UIS energy system 

(Column 3, Table 1). 
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• Record the net electricity generation and convert it into the amount of DC (𝐷𝐷𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒,𝑖𝑖) (Column 4). 
• Sum up the DC generated from the waste heat and electricity generation (𝐷𝐷𝐷𝐷𝑛𝑛𝑒𝑒𝑡𝑡,𝑖𝑖) (Column 5). 
• Convert DC generation potential into hydrogen production potential based on an electrolysis system and 

the LOHC hydrogenation process. Since the electrolysis system is producing vapour hydrogen and the 
storage system is working with LOHC, convert the amount of hydrogen produced by the electrolyser into 
the amount of LOHC, which is also known as hydrogen generation potential (𝐻𝐻2𝑔𝑔𝑒𝑒𝑛𝑛,𝑖𝑖 ) at the time i 
(Column 6). When the 𝐷𝐷𝐷𝐷𝑛𝑛𝑒𝑒𝑡𝑡,𝑖𝑖 is a negative value, it represents that net energy demand happened in the 
UIS system, which the 𝐻𝐻2𝑔𝑔𝑒𝑒𝑛𝑛,𝑖𝑖  should be calculated based on the fuel cell efficiency and the LOHC 
dehydrogenation process to produce electricity from the LOHC in a negative value. 

• Perform hydrogen storage cascade (𝐻𝐻2𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 ) to obtain the Pinch location and minimum hydrogen 
requirement and excess (Columns 7 and 8). 

• Perform balanced hydrogen storage cascade (𝐵𝐵𝐻𝐻2𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 ) to model the LOHC flow of the hydrogen 
storage system, in which the cascade is based on the mass of LOHC, as follows: 
o For start-up operation, cascade the LOHC production into the 𝐵𝐵𝐻𝐻2𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 from the earliest time (i = 0) 

using Eq(1), in which the 𝐵𝐵𝐻𝐻2𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖=0 is assumed to be zero (Column 9), and the amount of LOHC 
in deficit (𝐵𝐵𝐻𝐻2𝐷𝐷𝑒𝑒𝐷𝐷,𝑖𝑖) to be zero (Column 11). Set up the 𝐻𝐻2𝑒𝑒𝑝𝑝𝑙𝑙𝑙𝑙,𝑖𝑖 for all i using Eq(2) (Column 10), which 
𝜂𝜂𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑔𝑔𝑖𝑖𝑛𝑛𝑔𝑔 and 𝜂𝜂𝑑𝑑𝑖𝑖𝑙𝑙𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑔𝑔𝑖𝑖𝑛𝑛𝑔𝑔 represent charging and discharging efficiencies. 

𝐵𝐵𝐻𝐻2𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 =  𝐻𝐻2𝑔𝑔𝑒𝑒𝑛𝑛,𝑖𝑖 + 𝐵𝐵𝐻𝐻2𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖−1 + 𝐻𝐻2𝑒𝑒𝑝𝑝𝑙𝑙𝑙𝑙,𝑖𝑖 + 𝐵𝐵𝐻𝐻2𝑑𝑑𝑒𝑒𝐷𝐷,𝑖𝑖   (1) 

𝐻𝐻2𝑒𝑒𝑝𝑝𝑙𝑙𝑙𝑙,𝑖𝑖 = �
−�𝐻𝐻2𝑔𝑔𝑒𝑒𝑛𝑛,𝑖𝑖 + 𝐵𝐵𝐻𝐻2𝐷𝐷𝑒𝑒𝐷𝐷,𝑖𝑖� ∗ �1 − 𝜂𝜂𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑔𝑔𝑖𝑖𝑛𝑛𝑔𝑔�,                            𝐻𝐻2𝑒𝑒𝑒𝑒𝑟𝑟,𝑖𝑖 < 0
�𝐻𝐻2𝑔𝑔𝑒𝑒𝑛𝑛,𝑖𝑖 + 𝐵𝐵𝐻𝐻2𝐷𝐷𝑒𝑒𝐷𝐷,𝑖𝑖� ∗ �1 − 𝜂𝜂𝑑𝑑𝑖𝑖𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑔𝑔𝑖𝑖𝑛𝑛𝑔𝑔�,                             𝐻𝐻2𝑒𝑒𝑒𝑒𝑟𝑟,𝑖𝑖 > 0

 (2) 

o For continuous operation, repeat the 𝐵𝐵𝐻𝐻2𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 from the earliest time (i = 0) using Eq(1), in which the 
𝐵𝐵𝐻𝐻2𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖=0 is assumed to 𝐵𝐵𝐻𝐻2𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖=𝑒𝑒𝑒𝑒𝑚𝑚 in the start-up operation cascade (Column 13). Set up the 
𝐻𝐻2𝑒𝑒𝑝𝑝𝑙𝑙𝑙𝑙,𝑖𝑖 for all i using Eq(2). 

o Determine the amount of LOHC in deficit (𝐵𝐵𝐻𝐻2𝑑𝑑𝑒𝑒𝐷𝐷,𝑖𝑖) or excess (when  𝐵𝐵𝐻𝐻2𝑑𝑑𝑒𝑒𝐷𝐷,𝑖𝑖 < 0 ) (Column 12 and 
16): 
 When the 𝐵𝐵𝐻𝐻2𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 show a negative value; this represents a point that the stored amount of 

LOHC is insufficient to satisfy the energy requirement from the system. Therefore, the 𝐵𝐵𝐻𝐻2𝑑𝑑𝑒𝑒𝐷𝐷,𝑖𝑖 is 
added to ensure there is no negative value in the cascade 𝐵𝐵𝐻𝐻2𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖.  

 When all the 𝐵𝐵𝐻𝐻2𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 show positive values, and there isn't any zero value; this represents a 
feasible cascade, and there would be accumulation in the storage system. Therefore, deducting 
the 𝐵𝐵𝐻𝐻2𝑑𝑑𝑒𝑒𝐷𝐷,𝑖𝑖 from the earliest time with positive 𝐻𝐻2𝑔𝑔𝑒𝑒𝑛𝑛,𝑖𝑖 to ensure there is a time that the 𝐵𝐵𝐻𝐻2𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 
shows a zero value. 

• Convert the 𝐵𝐵𝐻𝐻2𝑑𝑑𝑒𝑒𝐷𝐷,𝑖𝑖  into the equivalent electricity deficit (𝐸𝐸𝐸𝐸𝐸𝐸𝐶𝐶𝑒𝑒𝑒𝑒𝑟𝑟,𝑖𝑖 ), which represents the amount of 
outsourced electricity requirement (positive value) and the amount of electricity to be sold off (negative 
value). 

3. Case Study 
The methodology is demonstrated with an illustrative case study modified from Lee et al. (2020), in which 
industrial processes, hotel, hospital and residential area are assumed to be part of the UIES. This case study 
uses the power consumption of 250 residential houses as the residential area. Four-time slices are assumed in 
this case study at 20:00-06:00 (TSL 1), 06:00-17:00 (TSL 2), 17:00-18:00 (TSL 3) and 18:00-20:00 (TSL 4). 
Besides a power distribution system, the thermal energy is supplied through the Middle-Pressure Steam (MPS 
– 220 °C), Low-Pressure Steam (LPS - 130 °C), Hot Water (HW – 70-80 °C) and Cooling Water (CW – 30-
40°C). The minimum temperature difference between process-to-process streams and process-to-utility 
streams are assumed to be 20 °C and 10 °C.  
The single process Heat Integration and TSHI targetings are performed according to the TSLs and recorded in 
Table 2. MPS has demand for all the TSLs. LPS has excess on TSLs 1, 3 and 4, while LPS has a requirement 
at TSL 2. Then, the cogeneration potential during the pressure relief between very-high pressure steam 
(produced by boiler) to MPS and LPS is estimated using the cogeneration estimation table for fulling the MPS 
demand at all TSLs and LPS demand at TSL 2, which 3,648 kWh of electricity generation potential is found for 
this case study. It is then calculated with the renewable electricity generation and power demands by the 
industrial sites, local buildings and household residential units to be the net electricity generation (𝐷𝐷𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒,𝑖𝑖). 
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Table 2: Summary of utility requirement after TSHI targeting and the cogeneration estimation table  

TSL Duration 
(h) 

QMPS 
(kW) 

QLPS 
(kW) 

QHW  
(kW) 

QCW  
(kW) 

Turbine Inlet Utility Power 
Generation 
(kW) 

Total Power 
Generated 
(kWh) 

Back 
Pressure 

Condensing 

1 10 3,783 -832 -11,186 -6,969 MPS - 237.4 2,374.4 
2 11 3,423 376 -904 -1,080 MPS - 58.1 638.9 
3 1 3,273 -3,326 -3,103 -1,080 MPS - 205.4 205.4 
4 2 3,423 -1,976 -2,503 -1,080 MPS - 214.8 429.7 

 
The energy recovery through the hydrogen storage system is then targeted using the TS-H2SC, as shown in 
Table 1. The LPS and HW excess shown in Table 2 is used to calculate the electricity production potential 
through the ORC system is determined as the 𝐷𝐷𝐷𝐷𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖 in Column 3, Table 1. The ORC thermal efficiencies 
are assumed at 10.77 % (𝜂𝜂𝑂𝑂𝑅𝑅𝑅𝑅,𝐿𝐿𝐿𝐿𝐿𝐿) and 4.72 % (𝜂𝜂𝑂𝑂𝑅𝑅𝑅𝑅,𝐻𝐻𝐻𝐻) (Kazemiani-Najafabadi and Amiri Rad, 2022), while 
the inverter conversion rate is considered at 0.95 (Al Zahrani and Dincer, 2018). When the LPS and HW excess 
is in a negative sign, the utility is in deficit, which electric heater would be used to generate the utility from the 
hydrogen (𝜂𝜂ℎ𝑒𝑒𝑒𝑒𝑡𝑡𝑒𝑒𝑒𝑒 = 0.98). The 𝐷𝐷𝐷𝐷𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖  is added with the 𝐷𝐷𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒,𝑖𝑖 to get 𝐷𝐷𝐷𝐷𝑛𝑛𝑒𝑒𝑡𝑡,𝑖𝑖 (Column 5). The hydrogen 
generation potential 𝐻𝐻2𝑔𝑔𝑒𝑒𝑛𝑛,𝑖𝑖 (Column 8) is calculated based on the electrolysis yield (0.021 kg H2/kWh), fuel cell 
efficiency (0.5), Fraction of hydrogen used as fuel for the hydrogenation process (0.0359), Fraction of hydrogen 
used as fuel for the dehydrogenation process (0.4343) and maximum hydrogen loading capacity in LOHC (0.062 
kg H2/kg loaded LOHC) (Mah et al., 2021). Based on the conventional cascade analysis, the Pinch point is 
found at time 10:00, in which the minimum LOHC requirement and excess are 341 kg LOHC and 714 kg LOHC.  
The start-up and continuous operations hydrogen storage cascade (𝐵𝐵𝐻𝐻2𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖  – Column 9 and 13) is 
constructed based on the 𝐻𝐻2𝑔𝑔𝑒𝑒𝑛𝑛,𝑖𝑖 (Column 8), 𝐻𝐻2𝑒𝑒𝑝𝑝𝑙𝑙𝑙𝑙,𝑖𝑖 (Column 10 and 14) and  𝐵𝐵𝐻𝐻2𝑑𝑑𝑒𝑒𝐷𝐷,𝑖𝑖 (Column 11 and 15). 
The losses are determined based on the LOHC charging and discharging efficiencies at 0.97 and 0.99 (Mah et 
al., 2021). The energy demand only happens from 6:00 to 10:00. The insufficient LOHC stored in the system 
before the Pinch point in the start-up cascade is satisfied directly by outsourced electricity supply (197 kWh). 
After the Pinch at the start-up operation until the Pinch point at the continuous cycle, there is an excess hydrogen 
supply, which may cause accumulation in the LOHC storage system. Therefore, charged LOHC excess is 
identified and back-calculated into the equivalent electricity excess (total of 701 kWh) in Columns 12 and 16 
from 10:00 to 18:00 to ensure zero flow at the continuous operation cascade. The continuous operation cascade 
is ensured to have the same initial and final value in the cascade. The LOHC storage system's capacity is 2,612 
kg, in which the storing process happens from 17:00 to 6:00 to satisfy the requirement from 6:00 to 10:00.  
The result from the TS-H2SC (Scenario 1) is compared to the situation where the UIS run without energy storage 
(Scenario 2) and with thermal energy storage (Scenario 3), as shown in Table 3. The excess LPS in Scenario 
1 is assumed to be recovered by ORC and stored in LOHC. However, the low efficiency of ORC in the case 
study has reduced the energy recovery opportunities. Scenario 4 studied the use of condensing turbine to 
generate power from the excess LPS and charge it into the LOHC system. The result found that the use of an 
energy storage system can reduce the thermal energy consumption of the UIES. The LOHC system managed 
to recover energy from the HW, which avoided the energy load on the power system. In fact, Scenario 4 
demonstrated the best situation with a lower boiler load while maintaining the higher amount of excess electricity 
sold to the electricity grid. The energy harvested from the turbine system met all the energy requirements at all 
the time intervals, which caused no energy to be loaded into the LOHC storage in Scenario 4. This is obviously 
due to the high HW excess available in the case study, and the condensing steam turbine has higher efficiency 
than the ORC system, which enhanced the energy saving of the LOHC storage system integration in the UIES. 

Table 3: Summary of final energy consumption for hydrogen storage system integration compared to several 
energy recovery configurations 

 

Scenario 1  
(with LOHC storage 
– excess LPS to be 
recovered through 
ORC) 

Scenario 2  
(without 
energy 
storage) 

Scenario 3  
(with 
thermal 
energy 
storage) 

Scenario 4  
(with LOHC storage 
– excess LPS to be 
recovered through 
condensing turbine) 

Boiler Load (kWh/d) 79,988 83,967 79,988 83,967 
Hot Water Excess (kWh/d) 0 129,913 129,913 0 
Outsourced Electricity (kWh/d) 0 0 70 0 
Excess Electricity for Sales (kWh/d) 701 7,727 5,800 13,553 
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4. Conclusion 
The TS-H2SC is proposed in this paper to target the power and thermal energy recovery through a hydrogen 
energy storage system to balance the energy supply and demand in an integrated urban-industrial energy 
system. The methodology is demonstrated with a storage system of liquid organic hydrogen carriers, which the 
methodology can be adopted into other types of hydrogen storage mediums. In the illustrative case study, the 
total electricity to be sold to the grid is found at 701 kWh, while the capacity of the LOHC system is targeted at 
2,616 kg of loaded LOHC. The research found that the LOHC system with condensing steam turbine rather than 
ORC has the most significant potential for energy saving in the UIES. For future works, a comprehensive study 
for comparing the integration of the hydrogen storage system with the conventional battery and thermal energy 
storage systems in the UIES. 
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