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Process heat is required within industry to facilitate key value adding operations. This heat is 
delivered via several thermal energy sources, however currently >86% of Australia’s annual process 
heat demand (674 PJ) [1] is supplied by fossil fuels. Of this demand, nearly 50% is within the low 
(<150oC) to low-mid (150oC-250oC) temperature range. Renewable energy technologies currently 
on the market (solar thermal, photovoltaics (PV) combined with heat pumps, and biomass) can help 
supply some of this demand, but the higher temperature segment (150-250oC) considerably more 
complex and expensive  [2], [3]. Low temperature process heat (<150oC) represents the ‘low-hanging 
fruit’ and, therefore, is the subject market for this study.  
The initial phase of this study focussed on the development a plant-level virtual industrial demand 
model that provides a top-down estimation of the thermal and electrical energy consumption for 
typical Australian low-temperature segment industries based on energy bills and macro plant design. 
The specific industries selected for the initial phase of this study are red meat processors and dairy 
processors. These industries were selected due to their high fractional demand for low temperature 
thermal energy and high reliance on burning gas. As evidence of this, the Food and Beverage 
Industry alone consume nearly 70% (~41 PJ) of the annual <150oC process heat [1]. Overall 
temperature ranges of thermal demand within the Food and Beverage Sector ~31.7% is supplied by 
the burning of fossil fuels and ~64.4% is supplied by burning organic material (bagasse, wood, etc.). 
However, bagasse is fundamentally a product of sugar cane production and therefore unapplicable 
for most other industries. 
 
Literature Review 
The development of the process heat demand estimation tool for each case study involves using 
Material and Energy Flow Analysis (MEFA) to quantify process heat utilisation and to identify and 
quantify the opportunities for optimisation/improvement. Modelling Material Flow (MFA) using input-
based flow network is a method suggested by Meester et al. [4] networks can be constrained as 
expressed in Arya et al.’s [5] Iterative Pinch Analysis formulations enabling the MFA to simulate 
realistic flow behaviour. Energy Flow Analysis (EFA) by flow categorisation is utilised in Sun et al.’s 
[6] top-down estimation tool, this study classifies energy related operations into plant process 
modules and sub-process modules. Building a plant-level model through process modularisation 
was discussed by Thiede et al. [7], as the reuse of modular process functions enhances 
computational efficiency. For individual process/sub-process energy demands Herrmann et al. [8] 
stipulates that for high-level energy analysis using machinery technical data sheets (TDS) is 
adequate, although Discrete Event Simulation (DES) is preferred if on/off regimes or load data is 
available [9]. Alternatively, the energy demand incurred by Technical Building Services arises from 
continuous processes. To incorporate these within a DES framework Mawson et al. [10] suggest 
energy balances are modelled during energy conversion and subsequently discretised according to 
the DES time step approximation [10]. In reality plants often don’t operate at full capacity, in this 
scenario the processes are periodically unutilised. Thiede et al. [11] explains underutilisation results 
in inefficient energy use due to idle times etc. Wang [12]uses this relationship between capacity 
utilisation and expected energy output to determine the expected energy demand of a plant based 
of off available energy bill data. Iterative Pinch Analysis (IPA) is a process integration tool that can 
assist in plant optimisation. Linnhoff et al. [13] discusses Iterative Pinch Analysis advantages within 
process integration within thermodynamic systems. IPA methods have broad applications within 
energy systems optimisation as discussed in Yuan et al. [14] [13]. 
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Modelling Methods 

In this study the MEFA has been achieved by first modelling Material Flow (MFA) using a input-
based flow network [4] and constraining the behaviour SEE EQ [5]. The Energy Flow Analysis (EFA) 
component of the MEFA utilises the results of the MFA to determine the energy required to facilitate 
a manufacturing process. Following an energy flow categorisation approach [6] this study classifies 
energy related operations into plant process modules and sub-process modules. The modularisation 
of plant functions is advantageous in Python code environments by allowing common process and 
sub-process functions to be reused throughout virtual plant layouts. Each process and sub-process 
model is modelled as time-averaged energy load over the course a period of operation [8]. While 
Discrete Event Simulation (DES) is the preferred, access to process level energy load data is outside 
the scope of this study. Therefore, specifications from plant equipment TDS have been utilised to 
model process energy requirements. TBS energy demands are incorporated within a DES 
framework by modelling energy balances during energy conversion and discretised by a DES time 
step approximation. After resolving the MFA and EFA, each set of process/sub-process data is 
passed to a mapping function within its superseding parent module (i.e., sub-process module data 
is passed to its process module). The study plans to utilise an Iterative Pinch Analysis (IPA) method 
to simulate the impact of process heat improvement projects (i.e., Heat Pumps, Photovoltaics, Solar 
Thermal, Thermal Storage)[13], [14]. IPA is a proven method for systems optimisation and is 
effectively implemented in a Python environment by applying appropriate flow constraints (i.e. 
enforcing ∆𝑇min), assessing convergence and updating residual utilities. SEE EQ. The relationship 
between plant capacity utilisation and categorical energy consumption [11] provides the foundation 
for the top-down Process Heat demand estimation tool. The model inputs energy bills into this 
relationship and extrapolates projected energy flows throughout the plant [12]. 
Underutilisation of plant capacity results in inefficient energy use across processes (i.e., excessive 
idling) [11]. The effects of underutilisation therefore result in a baseline energy demand that exists 
regardless of utilisation of the plant’s capacity. This relationship between energy demand and virtual 
plant capacity utilisation can be observed in Figure 1. It is clear from Figure 1 that for a Dairy 
Processing plant the model agrees with expected results of underutilisation of plant capacity, that is 
the plant has some idling energy load of 140 GJ/day, and electrical load is relatively constant. [12] 

 

Figure 1. Comparison of Energy use within a Dairy Processing plant as capacity utilisation 
increases from 0-100%. Note, how the plant has a base energy load of 140 GJ/day. 
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MEFA Results 
The resulting Material Flow and Energy Flow networks are then visualised in a Sankey Diagram, 
generated using the plotly.py library in Python. Figure 2 details the EFA of a Dairy Plant with a raw 
milk input of 100kL/day. Similarly, Figure 3 visualises the energy flows within a Meat Processing 
plant with a stock input of 150t/day or approx. 375 head of cattle. 

Figure 2. Dairy Processing Plant Energy Flows (*Sankey Diagram). Green - opportunities to 
supply low temperature process heat flows with solar thermal installations. Red - 

opportunities to recover process heat which could be used to improve heating efficiencies. 

Figure 3. Meat Processing Plant Energy Flows (*Sankey Diagram).  
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Opportunities for low-temperature process heat supply and process heat recovery are highlighted in 
Figures 2 and 3, with ‘green’ and ‘red’ respectively. For example, Figure 3 highlights that the 20.52 
GJ/day flow at ~43oC and 2.68GJ/day flow at ~82oC are attractive options for low-temperature 
process heat supplies. Additionally, the exhaust heat from process that utilise steam (~42.63 GJ/day 
at ~100oC) presents an opportunity to recover heat via heat exchangers. Recovered process heat 
via heat exchangers could potentially facilitate the pre-heating of ring water within a solar thermal 
system. Pre-heating supplied water decreases the sensible heat load of the solar collectors and 
improves efficiency. Furthermore, when solar systems are used in conjunction with heat pumps 
(which can also take advantage of pre-heated working fluid), they can deliver large energy savings 
[15]. 
A preliminary techno-economic investigation by Billant et al. [16] into energy supply options for meat 
processing plants has highlighted some options to reduce reliance on natural gas to service process 
heat demand. Solar thermal hybrid systems (i.e. used in conjunction with recycled heated 
wastewater or a heat pump) appear to offer the shortest payback period and/or least up-front capital, 
see Table 1. Table 1 compares the expected performance of four solar thermal configurations and 
their corresponding CAPEX and Payback period. The analysis assumes processes water can be 
recovered from the 182oC, 83oC, and 43oC streams can be recirculated through the system to supply 
pre-heated water at ~33oC and ~72oC to the solar thermal system. It was found that a combined 
solar thermal system to service the 83oC process heat demand and a 45kW heat pump to service 
the 43oC load, could achieve an attractive CAPEX of $548,843 and payback period of 4.25 years.  

Table 1. Comparison between supply options to service low-temperature heat demands 
identified in Figure 3.   

 

 Recovered 
Flow (Figure 3) 

Supplied 
Flow (Figure 
3) 

Solar 
Thermal 
size  

Heat 
Pump 
size 

CAPEX/Payback** 

Solar Thermal --   ~2834m2 
(43oC) 
~256 m2 
(82oC) 

-- $1,545,955 
2.3 years 

Solar Thermal + 
Waste flow 

  ~1232m2 
(43oC) 
~41 m2 
(82oC) 

-- $637,015 
2.3 years 

Solar Thermal + 
43oC Heat 
Pump  

  ~41 m2 
(82oC) 

45kW $548,843 
4.25 years 

Solar Thermal + 
82oC Heat 
Pump  

  ~1232m2 
(43oC) 
 

489kW 
 

$664,891 
2.5 years 

** Assuming solar thermal panels are $500/m2 and $0.30/kWh of energy 

 

Ultimately, the project aims to accelerate the estimation of process heat demand across low-mid 
temperature Industries. Streamlining this initial stage will encourage industry stakeholders top adopt 
technologies like solar thermal, thereby reducing energy consumption and promoting sustainable 
energy practices within the industry. 

1 2 

1 2 

1 2 

1 2 

3 4 

3 4 

3 4 



 

2-4 Dec 2025, Brisbane 

 

* Diagram to be viewed through interactive Python environment 

References 
[1] K. Lovegrove et al., “THE AUSTRALIAN INDUSTRIAL PROCESS HEAT MARKET TOWARDS ZERO EMISSIONS,” 2024. 

[2] C. A. Schoeneberger, C. A. McMillan, P. Kurup, S. Akar, R. Margolis, and E. Masanet, “Solar for industrial process heat: A review of 
technologies, analysis approaches, and potential applications in the United States,” Sep. 01, 2020, Elsevier Ltd. doi: 
10.1016/j.energy.2020.118083. 

[3] J. Jiang, B. Hu, R. Z. Wang, N. Deng, F. Cao, and C. C. Wang, “A review and perspective on industry high-temperature heat pumps,” Jun. 01, 
2022, Elsevier Ltd. doi: 10.1016/j.rser.2022.112106. 

[4] S. De Meester, P. Nachtergaele, S. Debaveye, P. Vos, and J. Dewulf, “Using material flow analysis and life cycle assessment in decision 
support: A case study on WEEE valorization in Belgium,” Resour Conserv Recycl, vol. 142, pp. 1–9, Mar. 2019, doi: 
10.1016/j.resconrec.2018.10.015. 

[5] D. Arya and S. Bandyopadhyay, “Iterative Pinch Analysis to address non-linearity in a stochastic Pinch problem,” J Clean Prod, vol. 227, pp. 
543–553, Aug. 2019, doi: 10.1016/j.jclepro.2019.04.078. 

[6] W. Sun, Q. Wang, Y. Zhou, and J. Wu, “Material and energy flows of the iron and steel industry: Status quo, challenges and perspectives,” Jun. 
15, 2020, Elsevier Ltd. doi: 10.1016/j.apenergy.2020.114946. 

[7] S. Thiede, M. Schönemann, D. Kurle, and C. Herrmann, “Multi-level simulation in manufacturing companies: The water-energy nexus case,” J 
Clean Prod, vol. 139, pp. 1118–1127, Dec. 2016, doi: 10.1016/j.jclepro.2016.08.144. 

[8] C. Herrmann and S. Thiede, “Process chain simulation to foster energy efficiency in manufacturing,” CIRP J Manuf Sci Technol, vol. 1, no. 4, pp. 
221–229, 2009, doi: 10.1016/j.cirpj.2009.06.005. 

[9] C. Herrmann, S. Thiede, S. Kara, and J. Hesselbach, “Energy oriented simulation of manufacturing systems - Concept and application,” CIRP 
Ann Manuf Technol, vol. 60, no. 1, pp. 45–48, 2011, doi: 10.1016/j.cirp.2011.03.127. 

[10] V. J. Mawson and B. R. Hughes, “The development of modelling tools to improve energy efficiency in manufacturing processes and systems,” 
Apr. 01, 2019, Elsevier B.V. doi: 10.1016/j.jmsy.2019.04.008. 

[11] S. Thiede, C. Herrmann, and S. Kara, “Sustainable Production, Life Cycle Engineering and Management Series Editors,” 2012. doi: 10.1007/978-
3-642-25914-2. 

[12] D. Wang, “A decision support tool for integrating renewable energy into factories,” 2024. 

[13] B. Linnhoff et al., “User Guide on Process Integration for the Efficient Use of Energy,” The Institution of Chemical Engineers, Rugby, UK., 1982. 

[14] T. Yuan and Y. Mao, “A review of pinch analysis techniques and extended application in power systems,” Sep. 01, 2024, Elsevier Ltd. doi: 
10.1016/j.rser.2024.114684. 

[15] D. Carbonell, M. Y. Haller, and E. Frank, “Potential benefit of combining heat pumps with solar thermal for heating and domestic hot water 
preparation,” in Energy Procedia, Elsevier Ltd, 2014, pp. 2656–2665. doi: 10.1016/j.egypro.2014.10.277. 

[16] O. Billant and R. Taylor, “Industrial Process Heat Decarbonisation Project - Meat processing plant case study,” Sydney, 2025. 
  


