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A B S T R A C T

Cement is the world’s most widely used construction material. In 2019, global production amounted to 4086
MT, of which Colombia contributed 12.59 MT. The main component of cement is Clinker and it appears as an
intermediate product in the manufacturing process that is produced in a kiln system at sintering tempera-
tures. Such a process exhibits high environmental impacts due to both elevated emissions of Carbon Dioxide
and fuel consumption and it is inherently prone to thermal inefficiencies, as heat losses to the surroundings,
because of the large flow rates and high temperatures. In this work, the waste heat obtained from the cooling
of a high-temperature gas effluent from the rotary kiln in a Colombian cement plant is analysed for its poten-
tial use either to dry wet raw material (limestone) or to generate electricity through an ORC. Material, energy
and exergy balances for the steady-state were assisted with simulations in Aspen Plus V.10 software. Exergo-
economics analysis followed the traditional approach using the net present value (NPV) of the investment as
decision criteria. To achieve a holistic view of the waste heat recovery scenario a sensitivity analysis is carried
out varying the outlet temperatures of the hot gases for various working fluids in the ORC. Results showed
that the best alternative, NPV = 0.37 MUSD at market conditions of electricity and fuel sale price, delivers a
maximum of 3.77 MW of electricity with a thermal efficiency of 15.96% and an exergy efficiency of 37.52%
using Cyclo-Pentane as working fluid. None of the dryer units attained a positive NPV and were discarded.
However, the highest moisture reduction in the solids stream was 5.67% at T = 120 BC. The option of placing a
drying unit immediately after an ORC to completely cool down the gases was economically analysed for ORC
cases with best NPV, T= 150 BC and T = 180 BC. But no substantial improvement was found over using the ORC
alone. The possibility to improve the simple ORC performance is explored through the inclusion of an inter-
nal heat exchanger, such recuperated cycle outperforms its simpler configuration in terms of thermal and
economic performance delivering 4.1 MW of net work with an NPV = 0.42 MUSD, a rate of return of 15.58%
and a payback time of PB = 6.07 years. This is 8.75% more work with 13.51% better economic performance
than the simple ORC.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license.
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1. Introduction

The production of cement is a complex process that starts with
the mining and grinding of raw mineral material, mainly limestone
and clay, to a fine homogeneous powder called “Raw Meal”. It is then
heated up to sintering temperatures in a rotary kiln where a set of
chemical reactions and physical transformations occur, generating
clinker, that is a granulated intermediate compound, which, once
ground to a fine powder and mixed with gypsum, becomes Ordinary
Portland Cement (OPC) [1]. The process involves several steps of pre-
conditioning, grinding, drying, classifying, heating, and cooling, all of
them demanding a certain amount of energy in the forms of electric-
ity and heat. For the reactions to take place, the higher input of
energy is in the form of heat from burning of the fuel in the kiln. Such
fuel consumption accounts for useful energy as well as for heat losses.
A typical energy balance for a modern kiln, reveals that about 23% of
the heat is lost with waste gases, 11% with the cooler excess gas and
10% by radiation throughout the entire surface of the system, adding
up to an impressive 44% of the total heat input in the traditional dry
technology kilns [2]. The impact generated on the environment by
the production of cement should be noted since considerable
amounts of CO2 are released into the atmosphere due to the combus-
tion of fuels and to the limestone’s decarbonation reaction, that is,
around 5% of all man-made CO2 [3].
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Nomenclature

Parameter
_X Exergy rate
_m Mass flow
h Enthalpy
T Temperature
_W Work
h Efficiency
_I Exergy destruction rate
_Q Heat flow
EDF Exergy destruction factor
VFR Volumetric flow ratio
SP Size parameter
_C Cost rate
fk Exergo-economic factor
_Z Cost rate of capital or investment costs
Z Cost of capital or investment costs, present value
c Average unit cost
CRF Capital recovery factor
i Rate of return
NPV Net present value
PB Payback time
Rt Annualised cash-flow

Subscript
f fluid
i ith stream
0 dead state
wf working fluid
s isentropic
is isentropic
hs heat source
cw cooling water
in entering
out exiting
exp expander
mech mechanical
cond condenser
th thermal, first law
exg exergetic, second law
tot total
ew evaporated water
exh exhaust
mech mechanical
t total
eff effective
el electricity

Superscript
CI Capital Investment
OM Operation and Maintenance

Abbreviations
IHE Internal Heat Exchanger
NFPA US National Fire Protection Association
MUSD Million dollars

Table 1
Global cement production statistics for the year 2019* [36].

Country Production [MT/y] Share [%]

China 2200 53.84
India 320 7.83
Vietnam 95 2.33
United States** 89 2.18
Egypt 76 1.86
Indonesia 74 1.81
Iran 60 1.47
Russia 57 1.40
Korea, Republic of 55 1.35
Brazil 55 1.35
Japan 54 1.32
Turkey 51 1.25
Colombia*** 12.59 0.31
Other countries (rounded) 887 21.72
World total 4086 100

*Estimated **Includes Puerto Rico ***[37]
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Energy-intensive processes and industries, like iron and steel, pet-
rochemical, cement, pulp and paper, ceramics, glass and food are
responsible for 1/3 of annual global greenhouse gas emissions.
Because of this, various alternatives are currently being explored,
from technical approaches to regulatory modifications with the
intention of mitigating the harmful effects, namely, the
decarbonisation of low temperature heat by cross-sector technolo-
gies, the use of membranes in the petrochemical industry, carbon
neutral steel-making, alternative feed-stock for cement production
and carbon capture and storage [4,5]. Previously disregarded systems
like aluminium production are being solidly addressed for the recov-
ery of waste heat in recent research projects such as ETEKINA and the
use of heat pipes has become popular as a cost-effective alternative
for these purposes [6,7]. As a general rule, such processes as cement
production require both high temperatures (> 1400 BC) and enor-
mous flow rates, entailing the consumption of large amounts of
energy, usually from fossil fuels and electricity [8]. As stated in [9] in
2012 the total estimated primary energy usage was 474171 PJ from
which the industrial sector is responsible for about 22% and only
around 49% of it ends up being useful. The rest is rejected as waste
heat with different qualities according to the available temperature:
high quality (T > 300 BC) corresponding to 22%, medium quality
(100 BC < T < 300 BC) 12%, low quality (T < 100 BC) 25% and the bal-
ance being losses. Consequently, the waste heat potential (energy)
varies from 6.00% to 12.60% and the Carnot potential (exergy) from
1.73% to 6.40% [10�12]. It is important to note that coal accounts for
31�42% of the fuel used to meet the energy usage in the cement
industry [13] which in turn represents 12.5% of the overall industrial
demand for coal (» 1780 Mtce) [14]. Accordingly, the global produc-
tion of cement is 4086 MT/y (as shown in Table 1) and it requires a
total energy supply of fuel that ranges between 530�728 Mtce.

Such waste energy could be recovered through any of the differ-
ent approaches listed by [11] as direct heat usage (commonly pre-
heating or drying operations) or in heat to electricity conversion
through a power cycle (Rankine, ORC, Kalina, TFC, external combus-
tion engines, etc.). Cement plants present many challenges in terms
of energy usage, which is why several attempts have been made to
optimise resources and equipment to increase the process efficiency
and to reduce costs. However, each case has specific needs as a result
of the particular constraints imposed by the previous processes, the
infrastructure and the economic conditions of each company. In
[12,15] the thermodynamic and exergo-economic analysis of a
cement plant in Turkey is shown. First, a general overview of the
manufacturing process is provided and the methodology to be fol-
lowed: raw material preparation and raw grinding; pre-heating, cal-
cination and cooling, final grinding and distribution. Energetic and
exergetic relations were summarised for the most common operation
units in the plant, as well as, the procedure to estimate costs. Second,
actual calculations and analysis were performed indicating a signifi-
cant potential for increasing exergy efficiency by improving exergy
utilisation in the pyroprocessing tower (thermal efficiency of hth =
55.86%), rotary kiln (hth = 52.14%) and clinker cooler. The overall



Fig. 1. Pre-conditioning tower schematics.
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balance also showed that 71.87MW corresponding to 85.12% of the
total energy input is lost through the outer shell of the kiln and the
pyroprocessing tower. This indicated that the rotary kiln is by far the
most exergy destructive unit in the plant where small improvements
can provide better developments in plant performance than large
improvements in other components.

An energetic and exergetic optimised Rankine Cycle for waste
heat recovery from the chimneys of the Sabzevar cement factory is
proposed in [16] to be used in the generation of power to improve
the plant energy efficiency. It is found that an increase in the boiler
pressure decreased the amount of recovered energy while increasing
the cycle efficiency; therefore, there would be an optimum point,
found at 1398 kPa, where both the highest overall energy and exergy
efficiencies were achieved. Moreover, the effects of important operat-
ing parameters such as maximum cycle temperature, environmental
temperature, and condenser pressure were investigated showing
that boiler optimum pressure is independent and remained constant
when these parameters changed. The utilisation of a Kalina cycle for
waste heat recovery and electricity generation (2.4MW) from the
exhaust gases of the cyclone pre-heater of the rotary kiln in a Brazil-
ian cement plant is assessed by [17]. They showed that reducing the
pinch point in the evaporator and increasing the ammonia concentra-
tion at its outlet leads to an increase in the delivered net power, while
the increase in the turbine inlet pressure decreased the cost of the
electricity generated to roughly 0.05$/kWh. The thermal efficiency
achieved by the cycle was hth = 23.3% and an exergetic efficiency of
hexg = 47.8%.

Heat recovery alternatives such as ORCs have been extensively
studied in previous work and some relevant cases are presented
below. A parametric optimisation and performance analysis of a
waste heat recovery system from a flue gas at T = 140 BC is developed
in [18]. R-12, R123 and R134a are considered for evaluation as suit-
able working fluids. Results showed that R-123 has the maximum
work output and efficiencies. The system can generate 19.09 MW at
hth = 25.30% which is close to the Carnot efficiency and a hexg =
64.40%. In [19] a thermo-economic optimisation of waste heat recov-
ery by ORC takes place. Several working fluids are considered:
R245fa, R123, n-butane, n-pentane, R1234yf and Solkatherm. It is
found that, for the same fluid, the objective functions, economic prof-
itability and thermodynamic efficiency, lead to different working
conditions in terms of evaporating temperature. The economical opti-
mum is obtained for n-butane with a specific cost of approximately
2320 $/kW, a net output power of 4.2 kW.

In [20] there is a performance comparison and parametric optimi-
sation of sub-critical ORC and trans-critical power cycle for a low
temperature (i.e. 80�100 BC) geothermal heat source. Five indicators
were used: thermal, exergy and recovery efficiency, heat exchanger
area per unit power and the levelized cost of energy (LCOE). Results
indicate that R123 in a sub-critical ORC system yields the highest
thermal and exergy efficiency of hth = 11.1% and hth = 54.1% respec-
tively. Although having lower efficiencies, the trans-critical cycle
operating with R125 provides 20.7% larger recovery efficiency and
the LCOE value is relatively low. It also provides larger savings in
petroleum consumption and CO2 emissions. Therefore, R125 in trans-
critical power cycle can maximise utilisation of the geothermal heat
source. Meanwhile, in [21] the optimal evaporation temperature and
working fluid were estimated for a sub-critical organic cycle. The
larger net power output will be produced when the critical tempera-
ture of working fluids approaches the temperature of the waste heat
source. Despite the analysis relying solely on thermodynamic consid-
erations when based on the screening criteria of the maximum net
power output, suitable working pressure, total heat transfer capacity
and expander SP of ORC, R114, R245fa, R123, R601a, n-pentane,
R141b and R113 are suited as working fluids in sub-critical ORC
under the given conditions (i.e., heat source at T = 150 BC).
In [22] it is presented a comprehensive estimate of ORC units that
can be installed for waste heat recovery in European energy-inten-
sive industries. This study showed that in the most convenient con-
sidered scenario (for 2013) up to about 20,000 GWh of thermal
energy per year can be recovered and 7.6 Mton of CO2 can be saved
by the application of ORC technology. It was estimated for the cement
industry that in the 27 European countries of the study over 576 MW
of ORC can be installed whether recovering heat from the pre-heating
cyclones or from clinker cooler gases. Thermal efficiency and specific
investment cost of basic ORC, single stage regenerative and double
stage regenerative ORC have been optimised in [23] through a
genetic algorithm approach. The optimisation result shows that
R245fa is the best working fluid under the considered conditions. A
sensitivity analysis noted that the evaporation pressure has a promis-
ing effect on thermal efficiency and specific investment cost. A multi-
objective thermo-economic optimisation strategy to assess ORCs is
applied by Lecompte et al. [24] to sub-critical and trans-critical cycles
for waste heat recovery. The minimum specific investment cost was
used as an economic appraisal criterion in a post processing step and
it is found that the sub-critical cycle outperforms the trans-critical
one. Such a result leads to a lower payback time but not necessarily
the highest NPV.

In [25] a thorough comparison of a TLC, ORC and Kalina cycles was
carried out from the viewpoint of thermodynamics and thermo-eco-
nomics using a low grade heat source with a temperature of T =
120 BC. Results showed that for the TLC an increase in the expander
inlet temperature leads to an increase in net power output and a
decrease in product cost for this power plant. However, it was
observed that for both, the ORC and Kalina systems, the optimum
operating condition for maximum net output power differs from that
for the minimal cost. The costing process in this work was accom-
plished according to [26]. That is, considering the cost rates of the
destroyed exergy and using the traditional exergo-economic factor. A
comparative assessment of ORC integration for low-temperature
(160 BC) geothermal heat source applications appears in [27] and
focuses on three different configurations of ORC for which the opti-
mal operating conditions is obtained in terms of specific investment
cost and maximum exergy efficiency. R245fa exhibits highest exergy
efficiency of 51.3% corresponding to minimum specific cost of 2423
$/kW for basic cycle, 53.74% to 2475$/kW for recuperated, and
55.93% to 2567$/kW for regenerative cycle.

In [28] it is displayed a case study of waste heat recovery from a large
diesel engine exhaust in an offshore platform through the implementa-
tion of an ORC system using zeotropic mixtures as working fluid. Differ-
ent configurations of such power cycle are evaluated in terms of
exergetic and economic performance and it is found that the highest effi-
ciencies (16.81% energy, 40.75% exergy) are met for the recuperated ORC
with a mixture of R236ea/Cyclohexane (with a ratio of 0.6/0.4). However,
the lowest specific investment cost for the most cases is achieved at the
mass fractions of 0.1 and 0.5 and it is greater for the recuperated ORC. In
[29] is depicted a super-heated regenerative ORC system for low-temper-
ature (160 BC) waste heat recovery. Such a system relies on the inclusion



Fig. 2. ORC schematics.

Table 2
Parameters and boundary conditions of the ORC model (base case).

Stream Parameter Value Unit Ref. Stream Parameter Value Unit Ref.

hs,in Temperature 327 BC 3 Temperature 170 BC
hs,out Temperature 180 BC 4 Vapour fraction 1
cw, in Temperature 27.8 BC his,exp 0.85 [16]
cw,out Temperature 37.8 BC hmech,exp 0.99 [16]
1 Temperature 60 BC his,pump 0.7 [16]

4 J.J. Fierro et al. / International Journal of Thermofluids 7�8 (2020) 100040
of an Internal Heat Exchanger (IHE) to preheat the feed to the evaporator,
therefore, increasing the average evaporating temperaturewhile the con-
densation temperature decreases. It is found that for different working
fluids a suitable degree of super-heating is conducive to improving the
working capacity and reduces the VFR, total capital cost, SIC, and LCOE.
The best comprehensive performance of the cycle is achieved for n-
butane with an optimal evaporation temperature of T = 100 BC and a
degree of super-heating of 5 BC.

In [30] a thermo-economic optimisation of small-scale ORCs based
on screw or piston expanders is found. On this scale, such expanders
are said to perform better economically than traditional turbines. The
maximum net power output is found to be 17.7 kW. Financial
appraisals show a high sensitivity of the investment profitability,
though, to the value of the electricity produced and the heat-demand
intensity. The optimised case is for an energy cost of 0.14 $/kWh with
a payback time of 4 years. A multi-objective thermo-economic
optimisation of ORC power systems in waste heat recovery applica-
tions is performed by [31] using computer aided molecular design
techniques. The optimal working fluids are applied to a sub-critical
ORC in different applications spanning a range of heat-source tem-
peratures (T = 150 BC, 250 BC, and 350 BC). When minimising the spe-
cific investment cost (SIC) of these systems, it is found that the
optimal molecular size of the working fluid is linked to the heat-
source temperature. Optimal working fluids at the above-mentioned
temperatures are propane (SIC = 12,326 $/kW), 2-butane (SIC = 4919
$/kW) and 2-heptene (SIC = 3543 $/kW) respectively. However, when
mixed-integer non-linear programming optimisation is applied, for T
= 150 BC the best working fluid is 1,3-butadiene (SIC = 11,738 $/kW)
and for T = 250 BC it is 4-methyl-2-pentene (SIC = 4870 $/kW) and
such a fluid would not be selected a priori in a traditional approach.

In [32] the feasibility to integrate a waste heat recovery ORC sys-
tem to an unconventional energy-intensive application is evaluated.



Fig. 3. Drying unit schematics.
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Natural gas compressor stations consume large amounts of energy to
compensate for pressure losses from individual producing stations to
final users and the required power usually comes from the utilisation
of multiple gas turbines working at part-load conditions that dis-
charge a significant portion of the primary energy introduced with
natural gas into the atmosphere by the exhaust gases as waste heat.
Recuperated ORC layouts with intermediate heat exchange fluid and
direct heat exchange are assessed and results confirm that by retrofit-
ting the gas turbine units it is possible to generate from 20% and up to
50% of the mechanical energy used by the facility. That is, potential
savings of energy and CO2 equal to 114 GWh/year and 29.6x103 tons/
year in the case of RB211 (Rolls Royce commercial ORC) direct heat
exchange configuration.

The exergo-economic analysis and optimisation of a new com-
bined power and freshwater system driven by waste heat of a marine
diesel engine is presented in [33]. The optimisation relied on a multi-
objective genetic algorithm and focuses on the thermal efficiency,
exergetic efficiency and the sum of unit costs of products. The values
attained for the cogeneration system are 91.84%, 24.33% and 192.7
$/GJ respectively. Cost analyses were carried out as stated in [26]. In
[34] a cascade absorption heat transformer is proposed to utilise
industrial low grade waste heat. Conventional and advanced exergy
and exergo-economic analyses were carried out to determine the
cause and avoidable degree of the exergy destruction and cost rates
of the components. The analysis shows that only 21.28% of the exergy
destruction rates are avoidable by improvement, while 80.2% of the
investment cost rates are from the components themselves.

Finally, an exergo-economic analysis of energy utilisation of a dry-
ing process in a ceramic production was carried out by [35]. Actual
operational data is used in the economic assessment of the spray
dryer (hth = 58.79%, hexg = 49.4%), vertical dryer (hth = 51.88%, hexg =
44.96%) and furnace (hth = 36.98%, hexg = 16.41%) for a yearly produc-
tion capacity of 24 million m2. Indicators as energy and exergy effi-
ciencies, improvement potential rate, total cost and an exergo-
economic factor (the ratio of exergy loss to capital cost rate) are used
to understand the overall performance of the system. It is found that
in general, the worst performance is of the furnace due to the high
temperatures (up to 1250 BC) and large dimensions (85�100m
length) that cause greater exergy destruction and exergy losses to
the ambient.

This work focuses on the case study analysis of a cement plant
with a kiln capacity of more than 5000 tonnes/day of clinker located
at sea level, near the Colombian Atlantic coast. This production plant
is one of the largest in the company and an improvement in its effi-
ciency would eventually translate into benefits in the form of com-
petitiveness and responsibility towards the environment due to
reduced emissions. The assessment of waste heat recovery potential
and the exergo-economic evaluation of different alternatives are pur-
sued to select the one that best suits the current scenario. Initially,
the case study is described, with its characteristics and restrictions.
Then the relevant energy and exergy balances, as well as cost equa-
tions, are presented and finally, the analysis of the results is per-
formed for the ORCs and the raw meal drying system with pertinent
conclusions. Accordingly, the generated knowledge and the devel-
oped strategy could also be replicated in other plants with similar
conditions.

1.1. Case study

A hot effluent current (T» 350 BC) within a cement production
facility was identified, from which to recover waste heat. The plant
uses the dry cement production route and it is necessary to dry the
crushed raw material (limestone 50�75mm in size) before it enters
to the raw material mill where it is ground to the fine powder known
as ”Raw Meal”. Then, it goes into the rotary kiln at sintering tempera-
tures (> 1400 BC) producing clinker. The kiln has a processing capac-
ity of more than 5000 tonnes/day and coal is used as the main fuel.
However, the electrical energy required by the plant is supplied
through an internal combustion engine running on diesel.

The exhaust stream of combustion gases from the kiln contains
particulate matter that is currently removed in a bag filter. The high
temperature damages the filter; therefore, it is necessary to cool
down the flow with a water injection as it enters the preconditioning
tower. A brief schematic of this process is shown in Fig. 1. The water
intake is pulsed rather than constant over time, depending on the
operational conditions in the kiln. It is injected into the stream in
cases where either the temperature or the gas flow is increasing (i.e,
when the raw mill is not using part of the effluen`t from the kiln) to
avoid outlet temperatures higher than the desired operational point,
T = 180 BC, at which it will not degrade the bag filter materials. In a
preliminary analysis, plant data were used to estimate the heat loss
due to convection and radiation from the equipment, this was found
to be 3.79 MW. The mean temperature of the hot gases once such
heat was removed is T = 327 BC. Hence, this temperature is the one
that is going to be used as the input in the following sections.

As said before, it is desirable to implement a heat recovery alter-
native that initially cools down the hot gas stream to dispense with
the water injection. At the same time, this would either provide a
drier raw material feed to the kiln, via a drying unit, or generate elec-
tricity using an ORC to be consumed within the plant or to be sold to
the grid. That would benefit the company and stakeholders in the
form of competitiveness and responsibility towards the environment
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due to reduced emissions. To achieve this, a simulation-based analy-
sis is performed where material, energy, and exergy balances are
assisted with Aspen Plus V.10 software and the Aspen Process Eco-
nomic Analyzer (APEA) assists with the alternative costs. Moreover,
the Peng-Robinson equation of state is used to model all gases.

2. Waste heat recovery alternatives

This section specifies the systems identified for heat recovery in
the above-mentioned cement plant. Section 2.1 presents the models
used to estimate the overall performance of the Organic Rankine
Cycle using different working fluids for electricity generation. Then,
in Section 2.2 mass, energy and exergy balances for evaluating raw
material drying systems are described. Finally, in Section 2.3 exergy
models and their corresponding relation with capital and operational
costs for each technology are presented.

2.1. Organic Rankine Cycle for electricity generation

The Organic Rankine Cycle (ORC) is perfectly suitable for recovering
waste heat in industrial environments [38]. For high-temperature
exhausts as the heat source, alkanes are a feasible working fluid [39];
however, the traditional approach in lower temperature applications
includes the use of refrigerants [30,40]. Due to the large amount of work-
ing fluids that could be used, the criteria proposed by [30] are followed:

� Global warming potential (GWP) � 1430 (R134a)
� Ozone depletion potential (ODP) � 0.01
� Health (NFPA) � Moderate hazard (2)
� Instability (NFPA) � low hazard (1)

Consequently, in this work, four different working fluids: Pentane,
Cyclo-Pentane, R134a, and R1234yf, are evaluated in a simple generic
configuration of ORC (Fig. 2) to harness the heat from the combustion
gases while cooling down the heat source stream.

The parameters and boundary conditions of the ORC model are
summarised in Table 2 for a base case where the outlet temperature
of the hot gases is set at T = 180 BC. In addition, no pressure losses are
considered and the pump’s discharge pressure was set at the point of
maximum expander work for each working fluid.

The exergy rate, _Xi; of any stream can be expressed as:

_Xi ¼ _mf hi�h0ð Þ�T0 si�s0ð Þ½ �; ð1Þ
where _mf and h are the mass flow and the enthalpy of the stream,
respectively, while subscript 0 refers to the dead state in which no
further interaction between the system and the environment is
allowed, thus, no potential for developing work is considered [41].
Eqs. (2) to (9) show a convenient arrangement of the energy and
exergy balance equations for each component studied in this work.
The total required pumping work _Wpump is calculated using the isen-
tropic efficiency of the pump his,pump, as follows,

_Wpump ¼ _mwf h2s�h1ð Þ=his;pump; ð2Þ
while the pump destroyed exergy _Ipump can be expressed in the fol-
lowing way,

_Ipump ¼ _X1� _X2

� �
þ _Wpump: ð3Þ

Regarding the Evaporator, the heat transfer from the hot gases to
the ORC takes place in this unit. The heat input _Qin is evaluated as,

_Qin ¼ _mhs hhs;in�hhs;out
� �

; ð4Þ
and the destroyed exergy in the evaporator _Ievap is calculated as,

_Ievap ¼ _Xhs;in� _Xhs;out

� �
� _X3� _X2

� �
: ð5Þ
The isentropic, his,exp, and mechanical, hmech,exp, efficiencies of the
expander are used to estimate the work delivered _W exp through the
expansion of the working fluid,

_Wexp ¼ _mwf h3�h4sð Þhis;exphmech;exp: ð6Þ
The destroyed exergy in the expander includes the fluid transport

work, as well as the stream inlet and outlet exergies, as follows,

_Iexp ¼ _X3� _X4

� �
� _Wexp: ð7Þ

The heat rejected from the cycle to the environment _Qout at the con-
denser unit is determined using cooling water as the coolant as advised
in [42] for the expected temperatures and an approach of 10 BC,

_Qout ¼ _mcw hcw;out�hcw;in
� �

; ð8Þ
while the exergy destroyed in the condenser _Icond is evaluated as fol-
lows,

_Icond ¼ _X4� _X1

� �
� _Xcw;out� _Xcw;in

� �
: ð9Þ

Additionally, to evaluate the performance of the cycle as a whole,
the total destroyed exergy is calculated as the sum of each compo-
nent’s destroyed exergy, i.e., _Itot ¼

P
i
_Ii.

Ultimately, several indicators were used to compare and establish
which working fluid was the most convenient. These are, as sug-
gested in [39]: Thermal Carnot efficiency, Thermal efficiency, Exer-
getic efficiency, Exergy destruction factor, Volumetric flow ratio and
the Size parameter of the turbine. The thermal Carnot efficiency,
refers to the maximum theoretical efficiency achievable when a heat
engine is placed between two temperatures, and can be evaluated as,

hth;carnot ¼ 1�T1
T3

; ð10Þ

where T1 and T3 refer to the absolute temperatures at the pump and
expander inlet respectively. Meanwhile, the thermal efficiency, is cal-
culated as the ratio between the actual net work _Wnet delivered by
the cycle and the heat that is supplied to it _Qin; as

hth ¼
_Wnet

_Qin

: ð11Þ

The exergetic efficiency relates the net work _Wnet with the total
input of exergy supplied to it, expressed as follows,

hexg;ORC ¼
_Wnet

_Xhs;in� _Xhs;out

: ð12Þ

On the other hand, the exergy destruction factor, EDF, is a parameter
that associates the total exergy destroyed by the cycle to the net work.

EDF ¼
_Itot;ORC
_Wnet

: ð13Þ

In this sense, the higher the EDF, the less efficient the ORC will be.
To account for the size of the volumetric expansion of the working
fluid through the expander, the volumetric flow ratio, VFR is evalu-
ated, in the following form,

VFR ¼
_V4
_V3

: ð14Þ

This value is related to the nature of the working fluid and usually
favours refrigerants over alkanes since a lower VFR implies a smaller
expander. Finally, the size parameter of the turbine, SP, offers a first
approach of the actual size of the expander [43], where larger values
of SP indicate higher costs; the parameter SP is evaluated as follows,

SP ¼
ffiffiffiffiffiffi
_V4

q

h3�h4sð Þ1=4
: ð15Þ
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2.2. Drying unit for limestone

As shown in Fig. 3, a drying unit constitutes an alternative to
recover the available heat from the combustion gases. Instead of an
evaporator, a simpler air-cooled heat exchanger is proposed where a
fresh air inlet at ambient temperature and moisture, 2% H2O, reaches
T = 170 BC (i.e., an approach of 10 BC) and then enters a direct contact
rotary dryer with a wet raw material stream composed of limestone
with a particle size distribution of typically 50�75mm at 16% H2O
content. To avoid condensation inside the equipment, the water con-
tent is removed until the exhausted flow is 10 BC above the dew
point. The energy and exergy balance equations used for each com-
ponent of the drying unit are presented below [44].

The heat exchanger unit employs fresh air to cool down the hot
gas flow. The heat entering the system, _Qin; is used to produce the
dry air required to remove moisture from the solid stream,

_Qin ¼ _mair hdry�hfresh
� �

; ð16Þ
where the air mass flow rate, _mair ; is evaluated as follows,

_mair ¼ _mhs hhs;in�hhs;out
� �

= hdry�hfresh
� �

: ð17Þ
The destroyed exergy for the heat exchanger can be expressed as

follows,

_IHX ¼ _Xhs;in� _Xhs;out

� �
� _Xdry� _Xfresh

� �
: ð18Þ

The rate of evaporated water, _mew; at the dryer depends on the
dry air and solid mass flows and the initial moisture content, related
as follows,

_mew ¼ _mair hdry�hexh
� �þ _mraw;in hraw;in�hraw;out

� �� �
hexh�hraw;out
� � : ð19Þ

with the destroyed exergy for this unit defined as,

_Idryer ¼ _Xdry� _Xexh

� �
� _Xr:aw;out� _Xraw;in

� �
: ð20Þ

Eqs. (16) to (20) must be solved iteratively once the desired
exhaust condition related to the dew point of the current is defined.
Finally, the exergy efficiency of the dryer, hexg,dryer, is estimated as:

hexg;dryer ¼ 1�
_Itot;dryer

_Xhs;in� _Xhs;out

: ð21Þ
2.3. Exergo-economic analysis cost models

An exergo-economic analysis is performed to fully compare the
alternatives considered for waste heat recovery at the cement plant
described in subsection 1.1. The traditional methodology for exergo-
economic studies considers the interactions between the exergy and
the average unit costs of the streams [26]. It has been successfully
applied for similar analysis i.e. in [15,17,33�35] and it is within the
scope proposed for this work.

The general costs balance equation for a system that receives heat
and produces work is stated as:X

_Ce þ _Cw ¼
X

_Ci þ _Cq þ _Zt ; ð22Þ

where _Ce; _Cw; _Ci;
_Cq and _Zt are respectively the cost rates of the exit-

ing streams, work, entering streams, heat and the sum of the capital
investment costs and the operation and maintenance costs rates.
Cost rates could also be expressed as the product between the aver-
age unit cost and the exergy rate of a stream, as follows,

_Ci ¼ ci _Xi; ð23Þ

_Ce ¼ ce _Xe; ð24Þ
_Cw ¼ cw _W; ð25Þ

_Cq ¼ cq _Xq; ð26Þ

_Zt ¼ _Z
CI þ _Z

OM
: ð27Þ

The total capital cost of the investment, ZCI
tot ; and maintenance, _Z

OM

are easily obtainable from the APEA software. However, to calculate
the capital investment costs rate, _Z

CI
it is necessary to annualise the

total capital costs using the capital recovery factor, CRF,

CRF ¼ A
P
¼ ieff 1þ ieff

� �n
1þ ieff
� �n�1

; ð28Þ

which in turn depends on the effective rate of return ieff. Such rate is
calculated in terms of the nominal rate of return as,

ieff ¼ 1þ i
n

	 
n

�1: ð29Þ

The CRF is the ratio used to calculate the present value of an annu-
ity of equal payments, where A, the annualised value, equals the
aforementioned capital investment costs rate _Z

CI
; being P, the present

value; that is, the total capital costs of the investment.
The variable n in Eqs. (28) to (29) is the number of periods (years)

for the cash-flow and it coincides with the project financial life. From
now on, it is set at 20 years. Also, as recommended in [45] for a
medium level of investment risk, a 20% nominal rate of return, i,
should be used in the preliminary analyses.

All process equipment was selected based on recommendations
reported in the literature [46]. In regard to the ORC, shell and tube
heat exchangers were used in the evaporator, as well as a centrifugal
pump and a non-condensing turbine. For the drying unit, a shell and
tube heat exchanger and a direct contact rotary dryer were included.
Likewise, they were mapped and sized using the software and the
costs brought to the present, i.e. 2020. A centrifugal fan is required to
blow the fresh air through the drying unit and it is modelled as an
isentropic compressor with a pressure increase of 6.9 kPa and all the
associated electricity costs were added to the operation and mainte-
nance costs of the entire unit. However, the capital costs of the said
fan are neglected as there are similar existing units available in the
plant.

The unit price of the cooling water, the purchased electricity from
the grid and the fuel are ccw=0.027 $/m3 [42], cel=0.07 $/kWh [42] and
cfuel=3.84 $/GJ [15], respectively. The latter was obtained for a cement
plant and it comprises the cost of the entering exergy of several fuel
sources.

Finally, by combining Eqs. (22) to (27) it is possible to calculate the
unit costs of power generation and the dry solid flow. For a fixed rate
of return:

cw ¼ _Zt= _Wnet ; ð30Þ
and

craw;out ¼ _Zt= _Xraw;out : ð31Þ
Eq. (30) is useful to compare the economic performance of the

ORC arrangements. The lower the unit cost of power generation, the
better. This parameter has the same meaning as the specific cost of
electricity generation that has been widely reported in the literature
to allow the economic optimisation of the cycle as in [19,23,24,31].
Other economic parameters to be considered are the cost of the
destroyed exergy valued as fuel, _CD; (see Eq. (32)), and the exergo-
economic factor, fk, (defined in Eq. (32)). The first refers to the poten-
tial economic loss of not taking advantage of the invested resources,
and is defined as follows,
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_CD ¼ cfuel _Itot : ð32Þ
On the other hand, the exergo-economic factor, relates the capital

and operating costs of each alternative to the cost of the exergy
destroyed by it, in the subsequent manner,

fk ¼
_Zt

_Zt þ _CD
: ð33Þ

It follows that a low value of fk suggests that cost savings might be
achieved by improving efficiency (i.e., reducing the exergy destruc-
tion), even if the capital investment costs increase. On the other
hand, a high value of the factor suggests a decrease in the investment
costs at the expense of its exergetic efficiency [26].

Despite how useful these parameters (CD and fk) are, they work on
a fixed rate of return that throws unit costs far from those of market
conditions. To better compare and choose between the power cycle
and the drying unit a “sale price” for electricity and for the exergy
that accompanies the dry solids must be defined as equal to the pur-
chase prices indicated above. The drying unit acts as a feed pre-heater
for the kiln, therefore, it is a valid assumption to value such exergy
(i.e., the one entering with the dry solids), like fuel savings. Eventu-
ally, Eq. (30) must be equal to Eq. (34). The simple system of equa-
tions that appears must be solved varying the return rate embedded
in _Zt .

_C
�
w ¼ cel _Wnet ; ð34Þ
_C
�
w being the cost rate of selling the generated power at market con-

ditions.
The parameters used to compare the investments are the net
present value, (NPV), and the payback time (PB). The first one relates
the annualised cash-flow, Rt, and the rate of return i, as follows,

NPV ¼
Xn
z¼0

Rt

1þ ið Þz ; ð35Þ

where z is the period, and n is the total number of periods. The pay-
back time (PB) is defined as,

PB ¼
_Z
CI
tot

Rt
: ð36Þ

As expected, a negative NPV indicates that the cash-flow of the
investment is not economically viable; higher values of NPV and i are
preferred while a lower PB value is desirable.

3. Results and discussion

The methodology defined in the previous sections allows each of
the heat recovery alternatives to be addressed from the point of view
of energy, exergy, and costs. In turn, various performance parameters
were defined. Although the base case to be evaluated is when hot
gases leave the pre-conditioning tower at T = 180 BC, this single
design point does not grant a holistic view of the heat recovery
potential in the cement plant. For this reason, a brief sensitivity anal-
ysis was carried out, varying the outlet temperature of those gases.
There is a compendium of the most important parameters for the
drying unit and the ORCs at outlet temperatures of T = 120 BC , T =
150 BC, T = 180 BC and T = 210 BC in Table A.1, A2, A3 and A4, respec-
tively. Likewise, Fig. 4 summarises the information associated with
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the total destruction of exergy and by components and Fig. 5 displays
the main cost indicators for the alternatives with positive NPV. It is
simpler and more convenient first to analyse separately the ORCs and
the drying units and then reach to a consensus on an economic basis.

3.1. ORCs:

In general, higher temperatures imply greater thermal and exergetic
efficiency of the cycles, as well as lesser total exergy destruction. Fig. 4
clearly shows this trend, while quickly identifying the working fluid
that best behaves according to this criterion; for any of the evaluated
cases it is Cyclo-Pentane. Fig. 4 also shows the distribution of the exergy
destruction by each individual component of the cycle. Based on the
averages of all cases, the greatest destroyer of exergy is the evaporator,
64.3%, followed by the condenser, 29.2%, the expander, 5.6%, and the
pump with 0.85% of the total. The averaged values are somewhat biased
due to the influence of temperature and the nature of the fluids, that is,
alkanes destroy larger quantities of exergy than the refrigerants in the
expander. This is notable at higher temperatures when it is around 10%
of the total, undoubtedly, far from the average.

It can be seen from Fig. 6 that the highest exergetic efficiency of
40.54% is achieved when the ORC operates with Cyclo-Pentane at an
outlet temperature of the hot gases of T = 210 BC. However, efficiency
alone does not inform performance in terms of the work delivered by
the cycle. The highest net work is found at T = 180 BC, which is the
base case, and it is 3.77 MW. With these results, one would be
inclined to think that with lower temperatures, the generated work
would be greater due to the larger heat entry to the cycle. This rea-
soning, however, is tendentious. Although the amount of energy
received by the cycle is important, its quality decreases with temper-
ature. Therefore, it translates into the existence of an optimal operat-
ing point that is different if the goal is to maximise net work
produced or the efficiency.
A performance parameter that partially settles this discussion is
the EDF, since it relates the total destroyed exergy to the net work.
The lower its value, the better the performance of the system. That
said, in the evaluated cases, the EDF trend (shown in Fig. 6) is some-
what inverse to the exergetic efficiency of the cycle. The lower values
are found when the exergetic efficiency peaks, that is, when the
working fluid is Cyclo-Pentane. The lowest value, EDF = 1.39, coin-
cides with T = 210 BC.

The VFR and SP parameters, which account for the volumetric
expansion of the working fluid and the actual size of the expander,
are higher for the alkanes than for the refrigerants as seen in Fig. 7.
High values of VFR signify a lower attainable efficiency in the turbine,
while large values of SP indicate an increment in the capital costs of
the expander and in turn can be also a limiting disadvantage when
space availability is a constraint. In both cases, a lower value is desir-
able. Thus, the working fluid with the best performance in such cir-
cumstances is R1234yf. The smallest value of VFR, VFR = 2.02, is
obtained when the temperature of the heat source is T = 210 BC.
Despite this, the lowest SP = 0.1m is achieved in the case when T =
180 BC with R134a as working fluid, and it is followed closely by an SP
= 0.11m for R1234yf at the same temperature. It is said in [47] that
expander efficiencies superior to 80% are only reachable for values of
VFR< 50. Fortunately, values outside this range are not found for any
of the cases considered.

3.2. Drying unit:

For this unit to operate correctly, it is necessary to ensure that
there is no condensation inside it. This is the reason why the case
evaluated for the lowest temperature of the hot gases is at T = 120 BC.
The performance of the drying system can be described in two ways.
The first way, using the amount of exergy destroyed in the system,
indicates that at higher temperatures less exergy is destroyed (see
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Fig. 4) and that the gas/gas heat exchanger accounts on average for 2/
3 of the total. The second, is much more significant, as it accounts for
the use of the total heat received to evaporate water. Such a sort of
thermal efficiency (defined in [46]) is presented in Fig. 8. It is notice-
able that lower temperatures mean less employment of heat per unit
of evaporated water. Despite such a trend, there is an optimal value,
which can be found to achieve the best efficiency. An optimal value
occurs because the dryer performance is coupled with the incoming
fresh airflow (shown in Fig. 9) and it is greater at lower temperatures.
The best efficiency, hth = 4095.16 kJ/kg, is found when T = 150 BC. The
rate of evaporated water depends strongly on the heat input to the
system. In this sense, the higher rate, _mew = 7.9 kg/s, is obtained at T =
120 BC. Likewise, it is in this case when the minimum final moisture
of the solids, 10.33%, occurs.
3.3. Costs:

ORCs are initially compared at a fixed rate of return of 20% as
shown in Fig. 11. It is appreciated that the lowest cost of the
destroyed exergy is held by Cyclo-Pentane and this result is in agree-
ment with Fig. 4, where the usage of this working fluid destroys the
least exergy. Unit costs of power generation are in line with this
trend, and the lowest cost, cw = 0.12 $/kWh, appears at T = 150 BC. The
exergo-economic factor is somewhat inverse to this trend and it
reaches its highest value, fk = 0.87, at T = 210 BC. In Fig. 11, it is also
observed that the highest costs for both generated (accompanying
the dry solids stream) and destroyed exergy are produced by the dry-
ing units. These are increased if the temperature of the hot gases
decreases. Then, it can be affirmed that the costs of the investment
are somewhat concentrated in those associated with exergy. In
consequence, it would be ideal to maintain high temperatures to
accomplish greater efficiencies in the process.

The design points with the best behaviours of the unit cost and
the exergo-economic factor do not coincide. That is why the NPV is
used. Simply, the option with the highest value, NPV = 0.88, is chosen
for the ORC that works with Cyclo-Pentane at T = 180 BC. The differen-
ces between the indicators lie mainly in the capital and operating
costs for each case. In turn, these are influenced by the size and oper-
ating conditions of the process equipment. The purely economic indi-
cator (NPV) is preferred because it facilitates comparisons.

Now, when the amount of evaporated water is taken into account,
its maximum can be achieved at a higher unit cost. Depending on the
intention of the process, this can be a relevant variable (i.e., when a
drier supply of raw meal is required by the mill).

A fixed-rate of return analysis is far from actual market conditions
and could over-predict the economic performance of an investment.
To fill this gap Eqs. (30) and (34) are used. The alternatives with posi-
tive NPV are recorded in Fig. 5. Essentially, when unlimited capital of
investment is considered, the highest net present value, NPV = 0.38
MUSD, is obtained when the ORC operates at T = 210 BC. However,
such a temperature is higher than the allowable one, due to process
and material constraints. Therefore, the second alternative, NPV =
0.37 MUSD at T = 180 BC with the same working fluid, is the one that
should be selected. The payback time for the latter is PB = 8.04 years
at a rate of return of 10.33%. Remarkably, none of the drying units
present a positive NPV since the unit cost of the saved fuel in the kiln
is much lower than the unit cost of electricity because of the Colom-
bian electricity prices. Regardless, there are some benefits attainable
when a drying unit is employed that cannot be directly quantified,
like increasing the available grinding capacity by entering drier mate-
rial to the mill. Then, it is logical to consider the option of placing a
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Fig. 10. Recuperated ORC schematics.
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dryer that finishes cooling the hot gases to T = 120 BC after the ORCs
with the best NPV to completely recover all the available heat. Such
ORCs operate at T = 150 BC and T = 180 BC with Cyclo-Pentane as
working fluid. The parameters of these configurations are reported in
Tables A5 ro A6. Calculations showed that exergetic efficiency shyly
improves, 1.2% (T = 150 BC), or worsens, 3.5% (T = 180 BC), compared
to ORC alone. Thus, when estimating the NPV with market prices for
fuel and electricity, it is found that despite remaining positive in both
cases, NPV» 0.27 MUSD (Fig. 5), the investment would be less profit-
able than simply using an ORC.
Although the simple ORC is sufficient to withstand the screening
process to determine the best working fluid and operation conditions
through the exergo-economic analysis of a hot effluent, complex var-
iations of such power cycle make sense when better performance is
required. In fact, there are various modifications that can be carried
out to the organic Rankine Cycle, for example, several stages of pre-
heating in the evaporator or successive expansion can be included.
However, to make investment decisions, this additional complexity
must be justified in terms of thermodynamic and economic perfor-
mance. For this reason, it is advisable to go from the simple to the
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complex, identifying the configurations with the greatest potential
and then gradually increasing the cycle complexity, while verifying
that the expected improvement is achieved.

Once the most suitable operating conditions and working fluid
have been found in terms of exergy and economic performance for a
simple ORC system, it is feasible to improve its performance indica-
tors by transforming the cycle into a recuperated one, that is, to
include an internal heat exchanger as shown in Fig. 10. The purpose
of the said IHE is to preheat the feed to the evaporator, in this way,
the average evaporation temperature is increased and the average
condensing temperature is reduced [29], simultaneously contributing
to the efficiency of the cycle and the reduction of the area required by
the evaporator and condenser. The base case is used, with Cyclo-Pen-
tane at T = 180 BC and the evaporator feed temperature at which the
maximum work occurs, T = 82 BC. It is found that such recuperated
ORC could deliver 4.1 MW of electricity with an NPV = 0.42 MUSD, a
rate of return of 15.58% and a payback time of PB = 6.07 years. This is
8.75% more work with 13.51% better economic performance than the
simple ORC. Such notable improvement is easily explained as the
combination of two favourable and interdependent situations, the
delivered net work increases, improving the energy and exergy effi-
ciency of the cycle, and the reduction of the total capital cost, as
shown in Fig. 5. The latter is justified with the decrease of the total
required area of heat exchange despite the inclusion of extra equip-
ment. The improvements achieved with this configuration are seen
in all the performance indicators and can be verified in Table A3.
Changes and optimisations like this one could be done to find the
best possible answer to the problem of waste heat recovery, however,
such a process is beyond the scope of this work and should be consid-
ered for the future.
Table A1
Performance indicators for each alternative @120 BC exhaust.

T @120BC Dryer R1234yf R134a Pentane Cyclo-Pentane

hcarnot [%] - 13.05% 13.05% 13.05% 13.05%
hth [%] 4177.09* 5.68% 6.55% 6.46% 7.85%
hexg [%] 6.96% 14.70% 16.95% 16.71% 20.33%
Itot [kW] 11857.31 10343.59 10061.93 10091.92 9638.91
EDF [-] - 5.52 4.66 4.74 3.72
VFR [-] - 2.31 2.80 2.39 2.74
SP [m] - 0.37 0.35 0.28 0.32
Pevap [bar] - 33 40 5 4
Tevap [BC] - 110 110 110 110
Pcond [bar] - 16.46 16.88 2.13 1.43
Qin [kW] 32990.08 32990.08 32990.08 32990.08 32990.08
Wpump [kW] - 593.80 669.07 53.93 38.32
Wturbine [kW] - 2467.55 2829.40 2183.63 2628.93
Wnet [kW] - 1873.75 2160.33 2129.70 2590.61

*kJ supplied/kg evaporated water
4. Conclusions

In this work, it was evaluated the recovery of waste heat from a
hot gas effluent through a sensitivity analysis in which various outlet
temperatures were analysed for generating electricity or drying the
wet raw material stream of limestone entering the cement produc-
tion process as feed stock. Different working fluids were examined in
the case of ORCs and it was found that alkanes perform better than
refrigerants when it comes to high temperatures.

The best alternative is selected based on the NPV, calculated for a
sale price of electricity of cel=0.07 $/kWh [42]. It is an ORC that oper-
ates at T = 180 BC with Cyclo-Pentane as the working fluid with a net
present value of NPV = 0.37 MUSD, a rate of return of 10.33% and a
payback time of PB = 8.04 years. Such a power cycle delivers 3.77
MW of net work with a thermal efficiency of hth=15.96% and an exer-
getic efficiency of hexg=37.52% as shown in Fig. 6 and it meets the con-
straint that filter materials must not exceed T = 180 BC.

Although having lower capital and operating costs than ORCs as
shown in Fig. 11, except at T = 120 BC, none of the drying units has a
positive NPV. This is explained as a consequence of the lower unit
cost of sale of the exergy that accompanies the dry solids stream,
cfuel=3.84 $/GJ [15], when compared to electricity. This analysis did
not consider economically all the benefits that the use of a dryer can
bring, for example, the expansion of the available grinding capacity
of the raw material mill. If this parameter becomes relevant to main-
tain the integrity of the production process, it should be borne in
mind that better performance, stated as heat supplied to the amount
of evaporated water, is obtained when lower temperatures are used
in the gases, which also means, larger fresh air inflows. The
maximum moisture reduction is reached when T = 120 BC and it is
5.67% for solids that enter at 16% water content, as shown in Fig. 9.
The option of placing a drying unit immediately after an ORC to
completely cool down the gases was economically analysed for ORC
cases with best NPV, T = 150 BC and T = 180 BC. But no substantial
improvement was found over using the ORC alone.

Finally, the possibility to improve the simple ORC performance is
explored through the inclusion of an internal heat exchanger, as
shown in Fig. 10. The recuperated cycle outperforms its simpler con-
figuration in terms of thermal and economic performance delivering
4.1 MW of net work with an NPV = 0.42 MUSD, a rate of return of
15.58% and a payback time of PB = 6.07 years. This is 8.75% more
work with 13.51% better economic performance than the simple
ORC.

Certainly, the present work does not correspond to an economic
optimisation. However, it presents an adequate approximation of the
relevant heat recovery alternatives for the selected effluent, combus-
tion gases at a high temperature, T = 350 BC. In future work, it would
be interesting to increase the level of detail of the equipment
involved and build a more accurate cost framework limited to the
operating conditions that present a better performance in economic
terms.
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
Acknowledgements

This research is funded by the The Royal Academy of Engineering
through the Newton-Caldas Fund IAPP18-19\218 project that pro-
vides a framework where industry and academic institutions from
Colombia and the UK collaborate in heat recovery in large industrial
systems.
Appendix. A



Table A2
Performance indicators for each alternative @150 BC exhaust.

T @150BC Dryer R1234yf R134a Pentane Cyclo-Pentane

hcarnot [%] - 19.36% 19.36% 19.36% 19.36%
hth [%] 4095.16* 5.89% 7.22% 11.64% 12.29%
hexg [%] 7.92% 14.49% 17.76% 28.62% 30.22%
Itot [kW] 10608.98 9400.61 9030.29 7800.27 7619.57
EDF [-] - 5.63 4.41 2.37 2.19
VFR [-] - 2.14 2.52 6.32 5.58
SP [m] - 0.32 0.29 0.21 0.25
Pevap [bar] - 33 40 12 8
Tevap [BC] - 140 140 140 140
Pcond [bar] - 16.46 16.88 2.13 1.43
Qin [kW] 28328.52 28328.52 28328.52 28328.52 28328.52
Wpump [kW] - 393.15 442.80 145.05 77.02
Wturbine [kW] - 2062.41 2488.84 3442.50 3558.30
Wnet [kW] - 1669.26 2046.04 3297.45 3481.29

*kJ supplied/kg evaporated water

Table A3
Performance indicators for each alternative @180 BC exhaust.

T @180BC Dryer R1234yf R134a Pentane Cyclo-
Pentane

Cyclo-Pentane
Recuperated

hcarnot [%] - 24.82% 24.82% 24.82% 24.82% 24.82%
hth [%] 4186.20* 5.84% 7.33% 14.17% 15.96% 17.35%
hexg [%] 8.57% 13.72% 17.24% 33.30% 37.52% 40.80%
Itot [kW] 9189.86 8294.54 7947.02 6360.35 5944.08 5619.90
EDF [-] - 6.01 4.59 1.90 1.58 1.37
VFR [-] - 2.06 2.42 14.05 12.13 12.13
SP [m] - 0.11 0.10 0.17 0.21 0.21
Pevap [bar] - 33 40 22 16 16
Tevap [BC] - 170 170 170 170 170
Pcond [bar] - 16.46 16.88 2.13 1.43 1.43
Qin [kW] 23627.87 23627.87 23627.87 23627.87 23627.87 23627.87
Wpump [kW] - 270.94 309.23 228.05 133.11 144.75
Wturbine [kW] - 1650.17 2042.04 3575.17 3903.73 4245.21
Wnet [kW] - 1379.22 1732.80 3347.12 3770.62 4100.46

*kJ supplied/kg evaporated water

Table A4
Performance indicators for each alternative @210 BC exhaust.

T @210BC Dryer R1234yf R134a Pentane Cyclo-Pentane

hcarnot [%] - 29.59% 29.59% 29.59% 29.59%
hth [%] 4471.04* 5.71% 7.29% 15.26% 17.94%
hexg [%] 8.90% 12.91% 16.48% 34.49% 40.54%
Itot [kW] 7614.40 6977.88 6684.10 5204.65 4707.64
EDF [-] - 6.47 4.85 1.81 1.39
VFR [-] - 2.02 2.37 25.74 22.38
SP [m] - 0.23 0.22 0.15 0.17
Pevap [bar] - 33 40 33 26
Tevap [BC] - 200 200 200 200
Pcond [bar] - 16.46 16.88 2.13 1.43
Qin [kW] 18887.17 18887.17 18887.17 18887.17 18887.17
Wpump [kW] - 184.86 213.52 267.40 169.19
Wturbine [kW] - 1263.74 1591.31 3150.43 3557.87
Wnet [kW] - 1078.88 1377.78 2883.03 3388.69

*kJ supplied/kg evaporated water

Table A5
Performance indicators for the combined ORC+Dryer system
@150 BC exhaust.

T @150BC Cyclo-Pentane Dryer ORC+Dryer

hcarnot [%] 19.36% - -
hth [%] 12.29% 12221.60* -
hexg [%] 30.22% 8.1% 31.40%
Itot [kW] 7619.57 1123.39 8742.96
EDF [-] 2.19 - -
VFR [-] 5.58 - -
SP [m] 0.25 - -
Pevap [bar] 8.00 - -
Tevap [BC] 140.00 - -
Pcond [bar] 1.43 - -
Qin [kW] 28328.52 4661.52 32990.05
Wpump [kW] 77.02 - -
Wturbine [kW] 3558.30 - -
Wnet [kW] 3481.29 67.87 -

*kJ supplied/kg evaporated water

Table A6
Performance indicators for the combined ORC+Dryer system
@180 BC exhaust.

T @180BC Cyclo-Pentane Dryer ORC+Dryer

hcarnot [%] 24.82% - -
hth [%] 15.96% 6370.50* -
hexg [%] 37.52% 8.4% 34.01%
Itot [kW] 5944.08 2466.31 8410.39
EDF [-] 1.58 - -
VFR [-] 12.13 - -
SP [m] 0.21 - -
Pevap [bar] 16.00 - -
Tevap [BC] 170.00 - -
Pcond [bar] 1.43 - -
Qin [kW] 23627.87 9362.21 32990.08
Wpump [kW] 133.11 - -
Wturbine [kW] 3903.73 - -
Wnet [kW] 3770.62 99.12 -

*kJ supplied/kg evaporated water
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