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Abstract: 

In energy intensive industries, organic Rankine cycles (ORC) can significantly increase 

energy efficiency and reduce carbon emissions by converting low- and medium-

temperature waste heat to electricity. However, fluctuations in waste heat availability can 

negatively affect the operation of an ORC unit. By integrating intermediate thermal 

energy storage (TES) these fluctuations can be mitigated and part-load operation of the 

ORC unit can be avoided. In this paper, a solution for utilizing waste heat from flue gases 

fluctuating in both temperature and volume flow rate by means of an ORC is assessed. A 

TES system in the form of a pressurized hot water storage is modelled with the purpose 

of providing steady thermal powers and temperatures to the ORC system. It is shown that 

thermal power variations are effectively attenuated by the thermal capacity of the water 

inside the TES system and thermal powers to the ORC can be controlled by varying the 

mass flow rate to the ORC. Furthermore, a financial analysis including the main techno-

economic parameters is presented, giving useful insights about the key factors influencing 

the feasibility of combined TES-ORC investment.  
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1. Introduction 
In 2013, 25% of the total energy use of the European Union could be allocated to the industry sector. 

While in 2014, 20% of the greenhouse emissions originated from manufacturing processes [1]. A 

substantial amount of the industrial primary energy (20 – 50%) is lost in forms of low grade waste 

heat in large scale thermal systems [2]. This industrial waste heat is typically characterized by having 

highly fluctuating temperatures and availability. Furthermore, the technologies for its valorisation 

need to be suitable for these boundary conditions. For low to medium temperature industrial waste 

heat, the organic Rankine cycle (ORC) is currently identified as the best performing technology [3]. 

Waste heat to power (WHP) systems such as an ORC create opportunities to increase the energy 



efficiency in energy intensive industries and reduce emissions [4]. This paper presents the results of 

a feasibility study to implement a 1 – 4 MWth ORC in a steel producing company by recovering waste 

heat from flue gases. The waste heat is available from a continuous annealing furnace (CAF) and 

galvanization line (SDG). In CAF, heating of the steel plates occurs in 2 distinct sections: preheating 

in a non-oxidizing furnace (NOF) and heating in the radiant tube furnace (RTF). In the NOF section 

burners are in direct contact with the steel plates for heating. Flue gases from these burners are firstly 

used to preheat combustion air and afterwards cooled to a temperature below 400°C. These flue gases 

are then evacuated to the environment through a chimney. In the RTF section burners are heating 

tubes up to a temperature of 900°C, whereafter the heat is transferred to the steel plates by radiation. 

In the CAF, steel plates of varying dimensions are processed leading to strongly varying heat input 

to heat the steel. The configuration of the galvanization line is almost identical to the CAF with a 

NOF and RTF section. Due to the nature of the annealing and galvanization process, the intensity of 

the burners needs to be controlled and waste heat is thus released intermittently. This fluctuating 

behaviour prevents a constant flow of recovered energy which can be reused in systems such as an 

ORC. These ORC systems have extensively been investigated over the years. However, most studies 

mainly focus on the optimization of system components and working fluids to increase the cycle 

efficiency at design point [5]. In contrast, there is limited research in trying to understand the dynamic 

behaviour of ORC systems and reduce the effects of waste heat fluctuations on ORC system 

operation. A possible solution to this is the implementation of thermal energy storage (TES) systems 

to smooth the thermal power fluctuations entering the ORC system. As a result the ORC system can 

be operated near its design-point and deliver a maximum electricity output. Moreover, integration of 

a TES system can reduce the required nominal load of the WHP system and at this reduced load, the 

investment cost and duration of part-load operation decrease. 

TES systems can be classified as sensible, latent or thermochemical [6-9]. Thermochemical storage 

systems are still in the research phase, but it can potentially store more energy than sensible or latent 

heat storage (LHS) systems due to the heat of reaction [10]. In sensible heat systems (water buffers, 

concrete blocks, molten salts, etc.) heat is stored by raising the temperature of a storage medium. 

Consequently, the amount of heat that can be stored depends on the specific heat capacity of the 

storage medium and is a strong function of the available temperature difference. Latent heat storage, 

using phase change materials (PCMs), allows to store more heat than sensible storage due to its higher 

energy density. Moreover, during charging or discharging the mean temperature of a latent heat 

storage system stays on a nearly constant level, as long as part of the storage medium is still in the 

transition phase, which is not the case for sensible heat storage. As a consequence, LHS can act as a 

heat sink (to cool down a waste heat stream) or heat source (to evaporate the ORC fluid) at nearly 

constant temperature.  

2. Methodology and system modelling 

2.1. Analysis of the waste heat recovery system and process 
characterization 

Flue gases from CAF and SDG are exhausted at relatively high temperatures. Hence it is possible to 

improve the overall energy efficiency of the process by recovering thermal energy content of the flue 

gases. For this specific case study, flue gases of interest to valorise the waste heat are coming from 

the NOF section of the CAF and the SDG process. In the SDG line, flue gases from both sections are 

of interest because they are combined in one duct and released through one chimney. Frequency plots 

of the flue gas streams can be found in Fig. 1 and 2. From Fig. 1 it is clear that the conditions of the 

CAF/NOF section are relatively constant with flue gases having 22% of the time a temperature of 

400°C at a flow rate of 15.000 Nm³/h.  The SDG flue gases (see Figure 2) vary nearly constantly in 

time. Energy recovery from these flue gases requires a heat recovery system which is designed and 

able to operate in a very broad range. 

 



 

Figure 1. Frequency plot of the CAF NOF flue gas stream operation range. 

 

Figure 2. Frequency plot of the SDG combined NOF+RTF flue gas stream operation range. 

At the site under investigation a local water district heating network is available working at 7 barg 

with the hot side at a temperature of 150°C and the cold, return side at 90°C. This heating network is 

only used in winter to heat the buildings of the site. The energy use during winter is so high that 

recovered heat from the flue gases, at the appropriate temperature, can always be injected in the 

heating network resulting in decreased fuel consumption for building heating. During summer, when 

the district heating network is not used, an ORC system could have potential to recover the energy 

available in the flue gases. The working temperatures of the ORC are associated to the working 



temperatures of the district heating network with the ORC system cooling the heat source from 140°C 

to 120°C or lower. This means that all heat from the flue gases will be transferred to water first at 7 

barg. The inlet water temperature of the heat recovery system is then defined, being 120°C and the 

outlet temperature 140°C. However, in order to achieve a constant outlet temperature in the heat 

recovery system the water mass flow rate needs to be controlled to follow the  power fluctuations of 

the flue gases. In reality no control system can cope with these fast variations on and hence a fixed 

water mass flow rate for the heat recovery system is chosen. In order to design a heat exchanger, a 

single operating point has to be chosen. For the CAF/NOF section this operating point is the single 

peak which can be seen in Fig. 1. For the SDG section an operating point between the available peaks 

(see Fig. 2) has been chosen. After designing both heat exchangers their performance is evaluated 

with fixed water inlet conditions presented in Table 1 and the varying inlet conditions at the flue gas 

side. The available energy content in the flue gases when cooled with the designed heat exchangers 

is shown in Fig. 3. This clearly shows the high variability of the waste heat and the need for thermal 

energy storage to operate an ORC system. An overview of the average, minimum and maximum flue 

gas outlet temperatures are shown in Table 1.   

 

Table 1. Working conditions of the designed heat exchangers at design points. 

 Flue gases   Water 

Heat 

source 

Mass flow 

rate (kg/h) 

Tin 

(°C) 

Average 

Tout (°C) 

Min Tout 

(°C) 

Max Tout 

(°C) 

ṁin (kg/h) Tin 

(°C) 

CAF/NOF 

SDG 

11.833 

21.124 

403 

321 

131 

153 

120 

120 

155 

163 

41.912 

49.000 

120 

120 

 
 

 

Figure 3. Indication of the thermal power fluctuations and the energy content which can be recovered 

from the flue gases of CAF NOF and SDG NOF+RTF. 

 

A schematic overview of the waste heat recovery process is presented in Fig. 4. The heat recovery 

process consist of two heat exchangers, a pressurized hot water TES system and an ORC. Every 

parameter with a subscript 1 or 2 refers to the heat exchangers, while parameters with a subscript orc 



refer to the ORC system and parameters related to the TES system are donated with the subscript tes. 

ṁ1,2 is the fixed water mass flow rate in the heat exchangers. The flow received by the storage tank, 

ṁin,TES is the combination of the flows exiting the heat exchangers with a mass flow rate weighted 

average temperature Tin,tes. The mass flow rate received by the ORC is donated by ṁorc at a 

temperature of Tin,orc which is equal to the temperature of the TES outlet, Tout,tes. 

 

 

Figure 4. Schematic overview of the waste heat recovery process. Energy from flue gases from the 

CAF furnace and SDG galvanization is transferred to a pressurized hot water loop by means of two 

heat exchangers. Implementation of a TES system protects the ORC from power fluctuations. 

 

Eventually for the given time series of the flue gases, with temperatures and flow rates, the water 

outlet temperatures are retrieved from simulations and the recovered power in the heat exchangers, 

Q̇1,2 can be calculated according to (1). 

�̇�1,2 = �̇�1,2 ∙ 𝐶𝑝,𝑎𝑣  ∙ (𝑇𝑜𝑢𝑡,1,2 − 120°𝐶) (1) 

With Cp,av the specific heat capacity of the average water temperature between Tout,1,2 and 120°C. 

 

2.2. Modelling 

The purpose of this study is to evaluate the effect of implementing a pressurized hot water thermal 

energy storage system upstream of the ORC system in order to prevent ORC system shutdowns and 

increase the overall ORC operating hours and hence increase energy recovery. The operation of the 

ORC system is not modelled but is based on operation data of a commercial ORC unit. Conversion 

of thermal power to electricity is taken with a fixed efficiency of 8%. In reality the ORC would 



operate according to a part-load curve with lower conversion efficiency at low thermal powers and 

higher efficiencies near the nominal operating condition of the ORC. The ORC system receives a heat 

source which can vary in temperature and mass flow rate. This heat source is always cooled to 120°C, 

which serves then as the fixed inlet condition for the heat recovery system. Q̇av is the average of the 

minimum required power Q̇min for the ORC to operate and the maximum thermal power Q̇max which 

the ORC can take up, according to the specifications of the chosen ORC system. Q̇min is defined as 

65% of the maximum design power Q̇max of the ORC. The control system of the pressurized hot water 

thermal energy storage system aims to supply an average thermal power Q̇av to the ORC system by 

managing the outlet mass flow rate ṁout,tes of the thermal storage system. The control system, whose 

flow diagram is reported in Fig. 5, reads the water temperature of the inlet of the thermal storage tank 

Tin,tes, the water temperature of the thermal storage tank Tstore and hence leaving the tank, Tout,tes and 

the water level inside the thermal storage tank, level. For each time step Δt, the thermal power 

available for the ORC system is calculated according to (2). 

 

�̇�𝑜𝑢𝑡,𝑡𝑒𝑠 = �̇�𝑜𝑢𝑡,𝑡𝑒𝑠 ∙ 𝐶𝑝 ∙ (𝑇𝑜𝑢𝑡,𝑡𝑒𝑠 − 120°𝐶) (2) 

With Cp the average Cp of water between temperatures Tout,tes and 120°C. ṁout,tes is the mass flow rate 

leaving the storage tank. From Fig. 5 it can be seen that the control logic consists of two main 

conditional formats: the TES outlet temperature lower than the minimum required ORC inlet 

temperature Tmin and the TES outlet temperature higher than Tmin. When the TES outlet temperature 

is lower than the minimum required temperature Tmin, the outlet mass flow rate ṁout,tes is set equal to 

the inlet storage tank mass flow, ṁin,tes and the storage tank is only used as a buffer to cool down the 

CAF/SDG flue gases. In this case, there is ORC shutdown. When the TES outlet temperature is higher 

than Tmin then the TES outlet mass flow rate is set according to (3). 

�̇�𝑜𝑢𝑡,𝑡𝑒𝑠 =
�̇�𝑎𝑣

𝐶𝑝,𝑎𝑣 ∙ (𝑇𝑜𝑢𝑡,𝑡𝑒𝑠 − 120°𝐶)
 (3) 

The remaining mass, mstore in the storage tank and the storage level, level, is then calculated according 

to (4-5). 

𝑚𝑠𝑡𝑜𝑟𝑒,𝑡 = 𝑚𝑠𝑡𝑜𝑟𝑒,𝑡−1 + (�̇�𝑖𝑛,𝑡𝑒𝑠 −  �̇�𝑜𝑢𝑡,𝑡𝑒𝑠) ∙ ∆𝑡  (4) 

𝑙𝑒𝑣𝑒𝑙𝑡 =
𝑚𝑠𝑡𝑜𝑟𝑒,𝑡

𝑚𝑚𝑎𝑥
  (5) 

With mstore,t the new water mass in the storage tank, mstore,t-1 the previous water mass in the storage 

tank, ṁin,tes the inlet mass flow rate in the storage tank and ṁout,tes the calculated outlet mass flow rate 

according to (3) and Δt the timestep. When mstore,t becomes negative or higher than the maximum 

allowable mass in the storage tank, mmax then the balancing mode is activated in order to have a 

storage level between 0 and 100%. Then the initial thermal power going to the ORC in (3) is either 

increased or decreased according to (6). 

�̇�𝑜𝑢𝑡,𝑡𝑒𝑠,𝑛𝑒𝑤 =  �̇�𝑜𝑢𝑡,𝑡𝑒𝑠,𝑛𝑒𝑤 ± 0.01 ∙  Q̇𝑎𝑣  (6) 

Q̇out,tes,new at the start of the iteration is set equal to zero. The minimum and maximum values of the 

outlet mass flow rate ṁout,tes can be limited in the model in order to have mass flow rates which can 

be handled by a single pump. When the TES outlet temperature is higher than 140°C the same 

balancing mode is activated when the TES outlet temperature is lower than Tmin.  



 

Figure 5. Flow diagram of the control system of the pressurized hot water TES system. 

3. Results and discussion 
Simulations are performed for different combinations of ORC sizes (kWth nominal power) and 

thermal storage tanks (m³) for a period of 1000 hours with a timestep, Δt of 4 minutes. At time, t=0, 

it is assumed that the thermal storage tank level is at 46% with a storage temperature, Tstore of 140°C. 

For every ORC-TES combination some key parameters with their explanation presented in Table 2 

are calculated.  

 

Table 2. Explanation of key parameters calculated in simulations. 

Parameter Explanation 

SD (Shut Down) (%) % of the total simulated time where the 

available thermal power for the ORC is lower 

than Q̇min 

Erec (%) % of ΣQ̇hex.Δt which is converted by the ORC 

Savings (€) Savings generated by producing electricity over 

one year 

PB (Payback period) (y) Payback calculated according to 
Σcosts

𝑠𝑎𝑣𝑖𝑛𝑔𝑠 𝑜𝑛𝑒 𝑦𝑒𝑎𝑟
 

NPV (net present value) (€) Net present value calculated over a period of 15 

years with a discount ratio of 10% 



 
3.1. Economic evaluation 

A preliminary cost/benefit analysis is performed for the implementation of only an ORC and the 

combination of multiple ORC-TES sizes. Investment costs for ORC and the storage tank are assumed 

from literature and manufacturers data [11]. From this, cost functions for both ORC and pressure 

vessels are prepared (7-8). The investment cost for the heat recovery system and piping material is 

estimated at €140k. Table 3 reports for different ORC sizes without TES system the electricity output 

for one year, the savings, PB and the net present value (NPV) calculated over 15 years with a discount 

ratio of 10%. For calculating the savings an electricity price of 45€/MWh is assumed. From Table 3 

it is clear that there is an optimal ORC size which results in maximal electricity production. However, 

this not necessarily corresponds with a minimal payback period. As can be seen, maximal electricity 

production is achieved with a 2200 kWth ORC while a minimal payback period of 10.7 years is 

achieved with a 1400 kWth ORC. Overall, the investment profitability for ORC implementation is 

rather low and PB is insufficient compared to currently demanded PB times in industry. 

𝐶𝑜𝑠𝑡𝑂𝑅𝐶 =  123.84 ∙ 𝑄𝑚𝑎𝑥 + 78473        (𝑓𝑜𝑟 𝑂𝑅𝐶 > 1000 𝑘𝑊𝑡ℎ) (7) 

𝐶𝑜𝑠𝑡𝑡𝑎𝑛𝑘 =  1443.8 ∙ 𝑉𝑜𝑙𝑢𝑚𝑒 + 27068  (8) 

An economic evaluation for the combination of multiple ORC-TES sizes is presented in (6). Four 

different sizes of ORC’s are compared. As can be seen, larger storage volumes result in more savings, 

meaning a higher electricity output but also result in very high PB. In this case it is economically not 

a good idea to invest in thermal storage. The cost of thermal storage is higher than the extra savings 

which can be generated with the major cost component being the expensive vessel rather than the 

storage material. In some cases however, the integration of TES systems could be a viable solution. 

For example, in situations where the size of the ORC system can be reduced with the integration of 

TES. The decrease of capital cost can have a greater effect on the economic feasibility than the 

increase in revenues from electricity production, as illustrated in Pili et al. (2017) [12]. Here, this is 

almost the case. A 2200 kWth ORC delivers maximal electricity output of 923.9 kWhe without thermal 

storage with a total investment cost of  500k€. A combination of a 1800 kWth ORC and 10m³ storage 

vessel results in slightly higher electricity production of 926.3 kWhe at a total investment cost of 

500.6k€, only a fraction higher than a single and larger ORC.  

 

Table 3. Simulation output for ORC units without integration of TES. 

ORC (kWth) Electricity 

generated (MWhe) 

Savings (k€) PB (y) NPV (k€) 

1000 616.9 27.759 12.5 -129.4 

1400 799.0 35.956 10.7 -102.6 

1800 907.3 40.828 11.1 -135.6 

2200 923.9 41.577 12.0 -174.7 

2600 897.0 40.364 13.1 -213.0 

 



 

Figure 6. Economic evaluation for four ORC sizes combined with different TES sizes. Full lines 

represent the savings. Dotted lines represent the PB period. 

3.2. Performance evaluation 

Figure 7 gives an overview of the simulated values of Erec and SD. It can be seen that for each TES 

size there is an optimal ORC size resulting in highest amounts of electricity production. Moreover, 

the bigger thermal storage results in the more energy is recovered but this is not necessarily the best 

economic option as stated before. The reason for net higher energy recovery is the higher amount of 

running hours for the ORC as the SD decreases when larger thermal storages are used.   

  

Figure 7. Overview of simulation results for Erec (dotted lines) and SD (full lines) for different 

storages sizes. 



A detailed simulation for a 2000 kWth ORC in combination with 100m³ thermal storage has then been 

performed in order to investigate the ORC operation. Results for a 50 hour time frame are shown in 

Fig. 8. In Fig. 8a thermal powers which are recovered in the heat recovery system, Q̇rec, which are 

leaving the thermal storage Q̇out,tes and which is eventually taken up by the ORC, Q̇converted by ORC, are 

plotted over time. The operation range of the ORC, between Qmax and Qmin, is indicated by the two 

horizontal red lines. It can be seen that the thermal power fluctuations of Q̇rec are effectively 

attenuated by the thermal storage, indicated by the slowly fluctuating thermal power leaving the TES 

system. When Q̇rec is higher than Q̇max the thermal storage is charged (see Fig. 8b for tracking of 

storage level). In this case Q̇max is 2000 kWth while at most moments the thermal power leaving the 

thermal storage, Q̇out,tes, is higher than 2000 kWth. This excess heat eventually has to be bypassed and 

cooled. When Q̇rec is in the operation range of the ORC or lower than Q̇min, Q̇out,tes is balanced around 

Q̇av and the thermal storage is discharged. When the storage is empty, or the storage temperature is 

lower than 125°C the ORC will stop operating, indicated by yellow line near time = 25h in Fig. 8 a). 

Eventually when Q̇rec is higher than Q̇max the storage is charged again. 
 

 

Figure 8. a) Detailed simulation of the recovered power in the heat recovery system (blue), the 

thermal power leaving the TES system (orange) and the thermal power converted by the ORC to 

electricity (yellow) b) Detailed simulation of the water level in the TES system.  

a) 

b) 



4. Conclusion 
In this paper, waste heat recovery from flue gases in a CAF/NOF of a steel producing company is 

investigated by means of an ORC system. The waste heat source is highly fluctuating in temperature 

and power. Therefore the applicability of a TES system with pressurized hot water is investigated in 

order to attenuate thermal power fluctuations and extend the operating hours of the ORC system. A 

calculation algorithm is developed in order to compare the technological performance of different 

ORC-TES size combinations and assess the economical profitability. The techno-economics results 

report the positive impact of integrating a TES system upstream of an ORC system in terms of 

increased energy recovery and hence increased electricity production. With a TES system a smaller 

ORC system can be installed even with equal or higher electricity production compared to a single 

ORC system without storage. The reduced investment cost for the ORC system can then be used to 

fund the TES system. However, only a relatively small TES system can be installed since the 

investment cost for TES is higher than the extra savings which can be generated by implementing 

large scale thermal storage. For a 2000 kWth ORC in combination with 100m³ thermal storage the PB 

time is 10.2 years (with subsidies) but is minimal with a 1600 kWth ORC system without thermal 

storage (6.9 years). 
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Nomenclature 
Example: 

Cp specific heat, J/(kg.K) 

E energy (J) 

ṁ mass flow rate, kg/s 

m mass, kg 

T temperature, °C 

Q̇ thermal power, W 

level level, % 

t time, s 

Greek symbols 

Δ difference 

Subscripts and superscripts 

1 heat exchanger 1 

2 heat exchanger 2 

av average 

in inlet 

max maximum 

min minimum 

orc organic Rankine cycle 

out outlet 

store storage 

t current time 



t-1 previous time 

tes thermal energy storage 

 

Abbreviations 

CAF continuous annealing furnace 

LHS latent heat storage 

NOF non-oxidizing furnace 

NPV net present value 

ORC organic Rankine cycle 

PB  payback 

PCM  phase changing material 

RTF radiating tube furnace 

SD  shutdown 

SDG galvanization 

TES  thermal energy storage 

WHP waste heat to power 
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