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Abstract. Waste Heat Recovery (WHR) Systems are spreading more and 
more in cement factories and are essential in achieving the energy 
performance required by the European Directives, legislation, and 
standards. Using WHR Systems may assure an important percentage of 
the energy required by the manufacturing process, with no additional fuel 
and no additional greenhouse gas emissions. Using the waste heat as a 
power generation source, increases the energy efficiency of the process 
and decreases the thermal energy losses. As long as the kiln is functional, 
so is the WHR powerplant, generating the energy in an efficient 
manufacturing process with low operational costs and increased 
reliability. This paper aims at evaluating the actual technic and economic 
performance of a WHR System compared to the estimated performance 
determined in the feasibility study which was done prior to the investment 
in order to prove the viability of the technology in the cement 
manufacturing industrial sector.  The paper proves that the WHR proved 
to be financially inefficient if the feasibility study input data was 
considered and correlated with the actual technical performance but lead 
to extremely attractive financial indicators when considering actual, 
updated capital expenditures and operational expenditures and technical 
performance.   

1 Introduction  
Currently there are numerous technical solutions available for a cement factory which can 
reduce the carbon footprint and improve the energy performance of the process. Using the 
best available technology may increase the energy performance of the process but, a high 
amount of energy is still demanded by the process. In 2020, the largest cement 
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manufacturer worldwide reported a total energy consumption of 528 million
shows the amount of thermal energy and electricity
Rankine Cycle System is to reduce the costs 
power grid by having a reliable power source on
installed in Lengfurt in 1999 [2].  Since then, the technology had been
factories from 49 countries having 402 plants operating in 2021.
The cement manufacturers focused their attention 
proven its energy performance and it has reduced the
emissions generated by this industry.  

Fig. 1. Thermal energy and electricity use reported by the biggest cement 

The cement industry has a significant environmental footprint due to the high amount of 
thermal energy required by the process, mainly coming from the burning of traditional 
fuels. In the last 25 years, the CO2 emissions produced by the cement ind
drastically, from 27 Gt in 2006 to 32 Gt in 2020. Without a sustainable strategy to reduce 
the greenhouse gas emissions, the quantity of CO
shown in the Figure 2 [3]. 50% of CO2 
process, in which the limestone is transformed into lime as an outcome of a chemical 
reaction [3]. About 40% of the total quantity of CO
processes required to achieve the 1,450 ˚C 
the greenhouse gas emissions are the result of electricity needed to run the plant
reach the target proposed by the Green Deal, a carbon neutral Europe by 2050 and reduce 
the CO2 emissions in the cement sector with 30% by 2030, the industry has the opportunity 
to invest in kiln upgrades and waste heat recovery using ORC s

Fig. 2. Total energy related to CO2 emissions with and without a sustainable recovery, 2005
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the energy potential of the waste heat source. The main advantage of the system is its 
capacity to operate at relatively low temperatures of steam in comparison with the 
conventional steam cycle. The temperature at the preheater outlet is 360 ˚C, while at the 
clinker cooler the temperature is lower, the average temperature is around 250 ˚C, as shown 
in Figure 3.  

  
Fig. 3. Waste Heat Sources for ORC system 

The thermodynamic circuit is described in Figure 4. The preheater boilers (1 and 2) of the 
ORC system are extracting the waste gas after the superior stage cyclones (3), returning it 
before the fans after the gas has transferred the heat to the heat to the thermal oil (4) used as 
working fluid, while the clinker cooler boiler (5) is installed between clinker cooler (6) and 
the filter (7). The heat from the main heat exchanger from the kiln is extracted with two 
horizontal cross flow boilers (1 and 2), using thermal oil as heat transfer fluid and one 
vertical gas flow boiler with dust settling chamber, using pressurized water as heat transfer 
fluid (8). By using pressurized water, the boiler’s “capacity” decreased with 20%. This 
combined solution of having thermal oil in the preheater boilers and hot pressurized water 
in the clinker cooler boiler as working fluids is a new technical solution for the ORC 
systems in the cement industry [7]. The ORC unit uses the working fluids to pre-heat and 
vaporize the organic working fluid in the evaporator. The organic fluid vapor powers the 
turbine (9), which is directly coupled to the electric generator (10), generating electricity. 
The exhaust vapor flows through the regenerator (11) where it preheats the organic liquid 
(12). The vapor is then condensed in the condenser (13) which has a water-cooling system 
(14). In the last transformation of the organic cycle, the organic fluid is pumped in the 
regenerator (15) and then to the evaporator (16).  
During the estimation phase of the ORC project, some assumptions were made in order to 
investigate the performance of the system. To estimate the available heat for the plant, a 
production rate of 3,800 t/day and an average heat consumption during normal operation of 
3,396 MJ/tclinker. Because the power output of the ORC system depends on the preheater exit 
temperature, a couple of upgrades had to be implemented to the rotary kiln: Chlorine 
bypass and solid recovered fuel feeding to the calciner. The initial results, along with the 
implemented upgrades, had shown a waste gas flow of 1.6 Nm3/kgclinker at the preheater, 
representing a waste heat source for the future ORC system. The maximum thermal energy 
output at the preheater was estimated at 36.5 MW, this output is obtained in ideal 
conditions during one year operation time at a 20 ˚C outside temperature as reference, an 
average temperature 366 ˚C at the preheater outlet and a gas flow of 253,328 Nm3/h at the 
preheater. 

(3) 

(4) 

(6) 

(7) 

(8) 

(1&2) 

(13) 
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Fig. 4. ORC thermodynamic circuit 

In the non-ideal case, during operation, the monthly thermal energy output it is expected 
not to exceed more than 21.6 MW because of the seasonal changes of the outside 
temperature. The same assumptions were made to calculate the maximum thermal energy 
output from the clinker cooler, resulting a cooler waste gas of 0.8 Nm3/kgclinker at an average 
air temperature of 250 ˚C inside the cooler. The results had shown that waste air flow is 
126,666 Nm3/h generating a peak power of 10.7 MW. As in the preheater case, the waste 
thermal energy output in non-ideal conditions at the clinker cooler will not exceed 4.1 MW.  
The initial costs of the project were estimated in the feasibility study, the results are shown 
in the table 2. The operational costs and the maintenance ones were estimated at 100 
kEUR/yr. In the financial evaluation of the project, the expected lifetime was considered 20 
years and the availability of the plant at 97%, resulting the financial indicators from table 3. 

Table 1. Natural Gas and Electricity consumption for each Brick Factory  

Technical Characteristic Measuring Unit Value 
Available thermal energy MW 21.3 

Gross electricity production MW 3.8 
Net electricity production MW 3.5 

Gross efficiency % 18 [8] 
Net electricity production at 95% availability of the plant GWh/year 27.0 

Table 2. Initial cost of the ORC system 

 Initial costs for the power plant  
Project stage Currency Amount Percent  

1 Land preparation and infrastructure kEUR 100 1% 
2 Engineering, supervision, commissioning kEUR 500 4% 
3 Equipment kEUR 11,500 82% 
4 Civil part  kEUR 600 4% 
5 Contingencies kEUR 1,300 9% 
6 Total Project Investment Cost kEUR 14,000 100% 

Table 3. Estimated financial indicators. 

Indicator Value 
NPV 4.7 million EUR 
IRR 16.2 % 

Dynamic Payback 12.5 years 
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3 Actual performance of the ORC system 
After six years in operation, the Organic Rankine Cycle system has achieved its expected 
performance. The plant is still operational, covering 15% [9] of the electrical energy 
demanded by the cement factory. Because the system is designed to operate at low 
temperatures, the ORC is a much more suitable solution for cement industry in comparison 
with the conventional steam cycle [10]. After years of monitoring the main parameters of 
the plant, discrepancies were observed in comparison with the performances described in 
the initial study. In the estimations phase of the project, the availability of the plant was 
considered 95%, meaning 7,500 h/yr. The actual availability time of the plant had an 
average value of 7,200 h/yr, with 300 h/yr less than the expected time. It is very important 
to specify that the lower availability time is the came as a consequence of the direct 
interdependence between the ORC plant and the rotary kiln operation, and it should not be 
considered as a break-down time due to ORC system malfunction.  Having an overview on 
the actual energy performance of the plant, the following were observed: 
 The specific waste air flow from the clinker cooler has the actual measured value of 

0.942 Nm3/kgclinker at a temperature of 240 ˚C, representing an increased flow and a 
decreased temperature in comparison with the one given in the estimation phase. 

 The specific waste gas flow from the preheater has a measured value of 1.090 
Nm3/kgclinker, less than the 1.8 Nm3/kgclinker expected in the estimation phase. The outlet 
temperature of the preheater is 397 ˚C instead of 360 ˚C which represents the 
calculated temperature of the waste gas coming from the preheater.  

 The amount of thermal energy which can be recovered from the process is 
approximatively 18.5 MW, representing half of the thermal energy calculated in the 
ideal conditions of operation.  

 The gross electrical power output has the actual value of 3.1 MW, resulting a a gross 
efficiency of 17%, representing a close performance in comparison with the estimated 
value of 18%.  

Table 4. Actual energy performances of the ORC plant 

Technical Characteristic Measuring Unit Value 
Available thermal energy MW 18.5 

Gross electricity production MW 3.1 
Net electricity production MW 2.9 

Gross efficiency % 17 
Net electricity energy production at 95% availability of the plant GWh/year 24.7 

Considering the lower energy performance compared to those estimated in the feasibility 
study, the actual production of the power was lower than the electricity production forecast 
calculated in the feasibility study. The comparison between the actual production and the 
forecast is presented in figure 5. Regarding the economic aspects, the real maintenance cost 
did not exceed the estimated cost of 100 kEUR/yr, even though many revisions and 
inspections were done using external resources which were more expensive than expected 
in the estimation phase. The annually maintenance using internal and external resources 
cost are presented in table 5. In order to compare the forecasted financial viability of the 
project with the actual financial viability, an Actual Scenario analysis was done. The main 
criterions used in the technic and economic analysis were the Net Present Value – NPV (1), 
the Internal Rate of Return – IRR (2), the Simple Payback Period – SPP (3), determined by 
considering a variable annual net income and the Benefit – Cost Analysis – BCA (4). 
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Fig. 5. Estimated (orange) vs. Actual (gray) production of the ORC 

Table 5. Actual maintenance cost of the ORC plant 

Year Cost 

I. 
Maintenance 
activities with 
own 
resources: 

II. 
Maintenance 
activities 
using external 
resources: 

Inspections 
and 
revisions 

Pump 
fixing 

Other 
repairing 
activities  

TOTAL 
(I+II):  

2013 [kEUR] 8.88 7.55 2.79 3.26 1.50 16.43 
2014 [kEUR] 8.51 6.06 1.58 - 4.48 14.57 
2015 [kEUR] 9.37 51.35 50.73 - 0.62 60.73 
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An average escalation rate for electricity prices of 5%/year was also considered, as 
determined in [11]. The technic economic analysis results will be presented in Table 6.  
Because, as it can be observed in Table 6, the financial indicators of the project in the 
Actual Scenario turns out to be unfeasible for the company, a Present Day Scenario was 
also analyzed in order to quantify the differences generated by the maturity of the ORC 
technology. Because the project was implemented in 2011 (only 21 years after the first 
ORC was deployed in the cement industry sector), the technology was still new, and the 
benefit / cost forecast stage of the feasibility study was not accurate. The CAPEX of the 
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project was also considerably higher than it would be today (an average specific cost 
decrease of 914.63 EUR/kW from 3,414 EUR/kW in 2011 to 2,500 EUR/kW in 2021). 

Table 6.  Comparative Financial Analysis 

Financial Indicator Feasibility Study “Actual” scenario “Present day” scenario 
CAPEX [EUR] 14,000.000.00 14,000.000.00 10,500.000.00 

OPEX [EUR/year] 120,000.00 60,730.00 60,730.00 
Average Annual Benefits 

[EUR/year] N/A 1,817.969.89 3,304.934.66 

NPV [EUR] 4,700.000.00 -2,884.775.69 9,984.237.28 
IRR [%] 16.90 8.65 21.55 

SPP [years] N/A 12.02 6.31 
BCA [-] N/A 0.79 1.95 

 
As it can be observed, the scenario in which the project was developed and deployed in 
2021 would lead to more attractive financial indicators, even when properly quantifying the 
OPEX and the average annual benefits. This is mainly due to the maturity of the ORC 
technology and to the almost linear increase of the electricity price both in the 2011 – 2021 
period and in the 2021 – 2040 forecast. In the feasibility study, the project may seem more 
attractive because the initial scenario is also quantifying the annual benefits of using the 
ORC system as a combined heat and power plant. The generated heat would have been 
used for administrative buildings and preparation of hot water. In other industries, the 
thermal energy produced by an ORC system is already valorized, improving the financial 
performance of the projects [12]. Even if the ORC system appears to be not feasible in the 
“actual” scenario, its contributions to reducing the annual CO2 emissions cannot be 
ignored. So far, the annually CO2 reduction was approximatively 15,400 tCO2/yr, economy 
which came as a result of the electricity generated without additional fuel. Regarding the 
differences in the OPEX between the feasibility study forecast and the actual registered 
costs, it was observed that the turbine of the power plant was the most reliable part of the 
system but, the most failures came from the generator break-down and leaks of the organic 
fluid, which is a high toxicity organic compound. The failure time has a strong impact on 
the power plant electricity production because of fewer running hours – some failures 
needed up to one week to be solved. Beside those unexpected events, another discrepancy 
between the availability time of 95% in the initial study and the actual operation of the 
plant is represented by the longer time needed for the rotary kiln inspection. Some 
inspections exceeded 2.5 months until completion, so the kiln was not functional during 
those months, making the ORC plant unavailable. The electricity production of the ORC 
system was also smaller in the “Actual” scenario compared to the forecast of the feasibility 
study. The main reason is that the plant is situated in the moderate-continental climate, the 
outside temperature during the cold season drops below 0˚C (significantly lower than the 
average 20˚C ISO reference temperature used for estimation). This, in turn, leads to a 
decrease in the waste heat extracted from the kiln, thus to a decrease of available thermal 
energy. Currently there are projects meant to increase the ORC capacity in the next few 
years. The cement manufacturer aims to increase the waste heat available for the plant with 
more upgrades on the rotary kiln. A higher daily production rate will produce more heat 
which can be recovered from de plant. An increased capacity will assure a high amount of 
electricity with no additional fuel and no greenhouse gas emissions which is a main issue 
nowadays.   
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4 Conclusions  
In this paper, the energy performance of a 4.1 MW ORC plant was emphasized. The project 
meant to increase the energy efficiency was a success, despite the discrepancies between 
the initial estimation and the actual achievements. The system has proven its reliability, 
being a fully automated system with few break-down times during operation. Because of 
the similarities with the conventional steam cycle, there were no new additional knowledge 
requirements needed in order to assure the plant operation. Based on the lessons learned, t 
can be concluded that in order to make ORC technology more attractive and increase its 
penetration rate both in the cement industry and in other buildings materials industries, a 
number of adjustments have to be done in the feasibility stage: 

1. The kiln (heat source) capacity must be better estimated – both in terms of 
operability and in terms of evolution over time, 

2. The electricity production forecast must be done by considering the seasonal 
variation of various external factors, such as the outdoor temperature, as it strongly 
influences the efficiency of the system, 

3. The operational costs of the system have to more accurately evaluated – both in 
terms of various parts and subsystem feasibility and in terms of actual costs for 
maintenance, capital works etc., 

4. The management of the company (both the Top Management and the Factory 
Management) have to get more involved in the feasibility study stage in order to 
properly evaluate various hypothesis made by the consultancy team and to 
mitigate the eventual misassumptions.  
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