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de energía para generar aire acondicionado y calefacción 
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AbstrAct

A case of study of a theoretical heat recovery analysis is made in an 
industrial furnace that consumes natural gas to determine the absorption 
cooling capacity (LiBr – Water) that can be generated for air conditioning, 
and the calefaction capacity that can be supplied using a heat exchanger 
to heat water; the energy source will be the heat of the flue gas that 
is eliminated by the stack of the furnace. This article shows that it is 
possible and feasible to get an energetic integration and energy savings 
in the industry. Thermodynamics and economics analysis of all of the 
equipment (heat recovery exchanger, absorption chiller, cooling tower, 
etc.) is conducted. The procedures to evaluate the heat recovery potential 
of industrial equipment will be shown, as well as the limitations that must 

be considered. The presented results highlight the importance of energy 
analysis along with the economic part. This methodology also considers 
the favorable environmental impact that is available to perform this kind 
of projects. All above mentioned will determine the profitability and 
feasibility of the project.

resumen

Se hizo un estudio de caso de un análisis teórico de recuperación de 
calor en un horno industrial que consume gas natural para determinar 
la capacidad de absorción de enfriamiento (LiBr – Agua) que pueda 
utilizarse para generar aire acondicionado y calefacción usando un 
intercambiador de calor que transfiera el calor a agua, siendo la fuente 
de energía el gas de salida de la chimenea del horno. Se demuestra que es 
posible una integración energética y ahorros de energía en la industria. Se 
realizó el análisis termodinámico y económico de todo el equipo empleado 
(intercambiador de calor para recuperación, enfriador por absorción, torre 
de enfriamiento, etc.). Se muestran también, tanto el procedimiento 
para evaluar el potencial de recuperación de calor del equipo industrial, 
como las limitaciones que deben considerarse. Los resultados obtenidos 
señalan la importancia de realizar análisis energéticos junto con la parte 
económica correspondiente. Esta metodología también considera el 
impacto ambiental favorable que se desprende de realizar este tipo de 
proyectos, permitiendo determinar la rentabilidad y pertinencia de los 
proyectos, como fue éste el caso.
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IntroductIon

Energy is an important issue for industries that consumes 
important amounts of it for industry processes. Due to 
the limitation of fossil energy resources, the environment 
issues, cost and legal factors, there is a growing interest 
on developing modeling and optimization strategies 
for industry processes. In this challenging scenario, 
old technologies like absorption cycles have emerged 
as a promising alternative in cooling and refrigeration 
applications, as they use refrigerant with zero global 
warming potential that do not contribute to the ozone 
layer depletion. Moreover, another advantage of these 
systems is that they can use different forms of primary 
energy source such as fossil fuels, renewable energy 
source, and also waste heat recovered from other 
thermal systems.

In this case, siderurgic industry has industrial 
furnaces that consume considerable amounts of natural 
gas to heat the iron slabs that enters at atmospheric 
temperature to be heated at 1,250°C and then they are 
sending to other process to be laminated; this kind of 
equipment has its own heat recovery that preheat the 
air before to enter to the combustion chamber, this heat 
recovery improves the efficiency of the equipment, 
but still the flue gases eliminated by the stack to the 
atmosphere have temperatures in the range of 250 
to 400°C that can be recovered to generate a useful 
energy not only for the process but also for other 
energy requirements in the plant. Also, this furnace 
works at least 300 days per year and an average of 
20 hours per day depend of the iron production and 
maintenance program. In this case, the flue gases will 
be used to heat water in a compact heat exchanger to 
cover the demands of air conditioning and heating of 
the offices that are near the equipment.

The principal objective of this work is to demonstrate 
that it is technically, economically and environmentally 
feasible to design a heat recovery system using the 
flue gases of the industrial furnace to generate air 
conditioning through a Lithium Bromide – Water 
absorption chiller of single effect driven by hot water. 
Absorption chillers have less COP (coefficient of 
performance) than conventional vapor compression 
cycles; for that reason absorption chillers require higher 
investment cost. Typical values of COP of absorption 
chillers are about 0.6 while conventional vapor 
compressor chillers are about 3 and 4. Hence, there 
is a clear need to develop strategies able to optimize 
the application and operation of absorption chillers 
considering technical and economical aspects that 
help absorption chillers to become a real alternative to 

the standard compression system (Gebrelassie et al., 
2009).

There are several works done in the area of heat 
recovery to generate air conditioning but this case is 
special because it is a study done in a siderurgical industry 
in Mexico that supports the analysis of the project. 

When heat is recovered from a process e.g. an 
industrial process or a power production process, it 
is generally obtained at temperature which is too low 
for immediate application in that process. This heat 
may instead be cascaded to a second process with 
lower requirements or heat quality, i.e. temperature, or 
upgraded by transformation, e.g. using a heat pump.

Important considerations are used in this study to 
evaluate the heat recovery project:

→ Which are the waste heat sources available?
→ What amount of heat is available?
→ What is the temperature of the available heat?
→ What is it (substance)?
→ Can it be recovered? 
→ Where it can be used this heat?
→ What amount of heat is required and at what 

temperature?
→ What portion of the available heat can be used?
→ When is it available? (Continuous, batch mode) 
→ Is it technically and economically feasible to 

recover the waste heat?
→ What extra benefits can be obtained? (energy savings, 

environment issue, efficiency improvement, etc)

state of the art

Exhaustive research of heat recovery systems and 
absorption chillers application driven by hot water has 
been made in order to find similar projects. There is 
work done with cogeneration (Kalinowski et al., 2009; 
Patnaik 2007; Yoon et al., 2002), and trigeneration 
(Arteconi et al., 2009; Lai and Hui, 2009; Massagués 
et al., 2004) recovery systems that use absorption 
chillers bases on thermal analysis, economic analysis 
and exergy analysis. There are studies about absorption 
chillers technology (Goodheart, 2000; Keith et al., 1996; 
Srikhirin et al., 2001).

It is observed from the open literature survey that heat 
recovery systems have been analyzed as cogeneration 
and trigeneration systems based on gas turbines and/or 
combustion engine equipment. This article will focus 
in analyzing thermodynamic and economically the 
production of both to heat water for heating and to 
cool water for air conditioning using the flue gases of 
an industrial furnace as a primary energy.
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Problem statement

The problem is the waste of heat through the flue gases 
of the industrial furnace and the principal objective is to 
recover the heat and produce a useful energy. There are 
a lot of companies and industries of warm and tropical 
regions that experiment an increase in the electricity 
demand during the summer period mainly due to the 
air conditioning demand.

The siderurgical industry considered here and 
placed in Monterrey, Mexico, needs 1,000 TR (tons 
of refrigeration) to cover the requirements of air 
conditioning for its offices along the year, the company 
uses conventional vapor compressor and centrifugal 
chillers. The monthly cost for the electric energy is 
approximately of 14,429 USD considering an average 
COP = 3; 200 hr/month; 0.8 MX$/kW.h (0.06 USD/
kWh). For calefaction, the company uses boilers to heat 
the water and send it to the offices; the monthly cost for 
the fuel (natural gas) is approximately of 21,600 USD 
considering 12 USD/MMBtu (11.37 USD/GJ), 150 hr/
month. The city of Monterrey has in average 9 months 
of warmth weather and 3 months of cool weather, which 
means a total energy cost of approximately 194,661 
USD/year to cover the heating and cooling demand. This 
study will show what percentage of these demands of 
heating and cooling can be covered recovering the flue 
gases of the industrial furnace and also if this project 
is technically and economically feasible. 

description of the industrial furnace

Figure 1 shows the industrial furnace that heats the iron 
slabs (6 x 1 x 0.25 meters). They enter at atmospheric 
temperature (25°C) and leave the furnace at 1,250°C 
which is the ideal temperature to laminate the iron 
slabs. To reach that temperature the equipment consume 
natural gas, N.G., that is burned with preheated air and 
burn up in different points through the length of the 
furnace. The industrial furnace is programmed to work 
all year around with periodical maintenance without 
turn off the equipment. The major maintenance is done 
once a year and can take two weeks with the equipment 
switched off. The furnace counts on with a SCADA 
monitoring system, that allows obtain the necessary 
data for the evaluation of the heat recovery.

Thanks to the siderurgical industry cooperation, 
access to the data base of the industrial furnace was 
available, to evaluate different parameters as natural 
gas consumption, air consumption, temperatures, 
among others variables that allow to see the behavior 
of the equipment in different times and periods along 
the year. 

The energy distributed in a particular day in the 
industrial furnace is as follows: the iron slabs consume 
the 55.14% of the total energy that is produced in 
the combustion, 16.74% of the energy is recovered 
in the preheated air, 13.96% of the energy are losses 
in elements that are in the furnace (chimney walls, 

Tin = 25ºC
Air

25ºC

450ºC

Combustion
gases

Tout = 338ºC 

793ºC

950ºC

Iron slab
Tout = 1250ºC

Iron slab
Tin = 225ºC

Tin = 25ºC N.G.

Figura 1. scheme of the industrial furnace (n.G. = natural gas)
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refrigerant water, transport mechanism, etc.), the 
remaining 14.16% is the energy that is eliminated at 
the environment and therefore the opportunity area for 
this project.

Evaluation of the available heat of the flue gas

In order to determine the flow, composition, heating 
value and available heat of the flue gases is necessary 
considering the following data: (1) Flow, chemical 
composition and input temperature of natural gas, air 
and if is the case other species that were participating in 
the combustion or in the process. (2) Output temperature 
of the flue gases where the new heat recovery system 
will be placed. (3) Operational data of the equipment 
along the day and along the year.

It is important to mention that the industrial furnace 
consume small amounts of nitrogen N2 in the process 
to avoid the oxidation in the surface of the iron slabs. 
This parameter is negligible since it does not represent 
an important influence in the results.

Chemical reaction of the flue gases

The industrial furnace use natural gas mixed with 
preheated air to heat the iron slabs. The volumetric 
composition data of the natural gas is: 94.62% CH4, 
3.19% C2H6, 0.89% C3H8, 1.3% CO2; and considering 
an standard air volumetric composition of 21% O2 and 
79% N2 with an excess air of 10%, the combustion 
equation for the complete combustion based on 1 kmol 
of fuel will be:

[0.9462CH4 + 0.0319C2H6 + 0.0089C3H8 + 0.013 CO2] 
+ a[O2 + 3.76N2] → qCO2 + rO2 + sN2 + cH2O (1)

The q, r, s, c coefficients are obtained through the 
mass balance in Eq. 1. From this way the volumetric 
composition of the flue gases is:

[0.9462CH4 + 0.0319C2H6 + 0.0089C3H8 + 0.013 CO2] 
+ 2.2534 [O2 + 3.76N2]  

→ 1.0497CO2 + 0.2048O2
+ 8.473N2 + 2.0237H2O

Heat reaction

Considering the energy equation:

dE
dt

∂Q
dt CV CV

∂W
dt Σ m1ei - Σ mJej

= + +  (2)

and neglecting potential and kinetic energy, and 
considering a steady state:

Q̇ - Ẇ = ∑productsni • h̄ i - ∑reactivesni • h̄ i (3)

The industrial furnace only delivers heat for the 
iron slabs so Ẇ Ẇ is neglected. With the composition 
of the flue gases, now it is necessary to determine the 
available heat of the flue gases at the exit of the stack. 
Considering an exhaust gases temperature of 338°C, 
the available energy is 785,781 kJ for each kmol of 
fuel. The mass balance gives 326.561 kg of reagents 
and 326.56 kg of products. 

Energy balance in the industrial furnace

For this case, a final temperature of 150°C of flue gases 
is going to be considered to avoid its condensation 
which migth oxidate the chimney. This value must 
be carefully evaluated. The industrial furnace has an 
average flow of 3,000 Nm3/hr of natural gas and excess 
air of 10%. The average final output temperature of the 
flue gases is 338°C. Considering these data obtained 
from the data base between March 2008 and March 
2009, an ambient pressure of 1 atm, 25°C environment 
temperature and the results of the available energy, it 
is possible to obtain the heat balance and the available 
energy that can be recovered from the flue gases.

From the distribution of the energy in the industrial 
furnace with the heat recovery, it is found that from 
14.16% of waste heat to the environment now is only 
5.5%, which means that 8.65% (2,646 kW) can be 
recovered from the industrial furnace. 

It is important to mention that the average values of 
the parameters assumed to evaluate the available heat 
are not constant with time (unsteady flow); therefore it is 
necessary to know the behavior of the equipment and the 
variables that affect the fluctuation of the waste heat. In 
this case, the main variables of the waste heat identified 
for this project were the temperature of the exhaust gases, 
the mass flow of the natural gas, and the excess air for the 
combustion of the fuel. The variations of these parameters 
are strongly related to the production demand of the iron 
slabs. The engineer has to consider carefully this situation 
at the time to evaluate and design the equipment for the 
project. For example, for air conditioning or heating, 
the engineer must know the interval of hours that the air 
conditioning (or heating) is needed for the offices and 
find out other process that need cool or hot water out of 
the hours of the other requirements to make good use of 
all the available energy (Cengel and Boles, 2006).
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evaluation of the cooling and heating capacity

With the available heat, it is possible evaluate the 
cooling and heating capacity using the equations in 
Table 1.

table 1
Equations to evaluate the cooling and heating capacity

Formula Units Equation
Qheating = Qavailable x EffHX [kW] (4)
Qcooling = (Qhot water ) x COPACS [kW] (5)
Cooling Area=Cooling Capacity x Qcooling [m2] (6)
ΔηHeating = Qheating / Qcombustion (7)
ΔηCooling = Qcooling / Qcombustion (8)

Considering the equations of Table 1, a constant 
average flow of natural gas of 3,000 Nm3/hr, efficiency 
of the heat recovery unit of 75% (worst scenario), COP 
of the absorption chiller of 0.6 and cooling capacity of 
20 m2/TR (William, 2004).

The results shows that with 2,646 kW of available heat, 
is possible to generate 1,984 kW for heating and 1,191 
kW (338 TR) for cooling. The global efficiency of the 
industrial furnace based on the combustion energy increase 
6.49 % when heating is used and 3.89% when cooling is 
used. The cooling capacity can covers an area of 6,770 m2 
considering a cooling capacity for offices of 20 m2/TR.

description of the heat recovery system

To recover the flue gases that are eliminated by the 
stack it is necessary to put a derivation duct that takes 
the flue gas throughout the heat exchanger (HX) 
commonly called “economizer” where gives its heat to 
the water that flows inside the tubes; the flue gases need 
a fan to circulate the flow through the heat exchanger 
(due to pressure drop), and then be eliminated at the 
atmosphere. The economizer heat the water until it 
reaches the necessary temperature to feed the absorption 
chiller if it is cooling or the air handler if it is heating.

Figure 2 shows the scheme of the equipment and 
connections that are needed to accomplish the heat 
recovery system to give an idea of the necessary 
equipment for the project. With this configuration it 
is possible to control the flow of the flue gases that is 
required to cover the heating and cooling demand (Moran 
and Shapiro, 2004; New-Buildings Institute, 1998).

The heat exchanger has a purge to eliminate the possible 
condensates of the flue gases. The fan is placed after the 
heat exchanger where the temperature of the flue gases is 
low (~150°C) and is managed by a driver that controls the 
temperature of the flue gases and the hot water. The hot 

water side can have a water tank that works as an energy 
storage, it is recommended to install an expansion vessel 
to avoid overpressure in the line. It is recommended to 
install a motor driver to regulate the speed of the fan. This 
driver works in function of the inlet temperature of the 
flue gases to the heat exchanger (ESCOA Engineering 
Manual, 2011; Ganapathy, 1996).

The absorption chiller considered in this project is 
a single effect LiBr-water. This unit uses water as a 
refrigerant and LiBr as the absorbent. The limitation 
of this equipment is that the cold water temperature 
cannot be less than the freezing point temperature of 
the water; the crystallization is an important issue in 
this technology and additional equipments, such as a 
cooling tower have to be considered (Ishimatsu, 2007; 
Kawasaki Thermal Engineering, 2008).

thermodynamic analysis and design of the heat 
recovery system

Once the heating and cooling capacities are obtained, the 
following step is the thermal analysis of the equipments. 
This procedure allows to choose known technical data 
for designing the heat recovery system.

Figure 3 shows the thermal design scheme of the 
heat recovery system to produce chilled water for 
air conditioning. Table 2 shows the results of each 
component of the heat recovery system. From the table 
it can be seen the pressure, temperature, and mass flow 
data, and the electrical consumption of the different 
equipments. It should be noticed that the mass flow 
for the cooling tower is 76.13 kg/s. This parameter 
can be modified improving the temperature variation 
of the cooling tower. The electric consumption is also 
considered by the developed program.

The thermal analysis was modeled in Microsoft 
Excel® with macros of Visual Basic® using the 
equations of Table 1. 

For the economizer, the heat transfer of the flue gas 
side is 2,645 kW. The heat transfer to the water side is 
1,979 kW (heating). The efficiency for the economizer in 
this case is 74.81% (worst scenario); for the absorption 
chiller, the cooling available load is 1,190 kW (338 TR) 
with a COP of 0.6, the total heat rejection by the cooling 
tower is 3,169 kW. 

Table 3 summarized the energy lost and efficiency 
in each component of the heat recovery system. Based 
on the available heat, the overall efficiency of the 
recovery system is 45% considering cooling and 74.81% 
considering heating.

The results shows that the flue gases of the industrial 
furnace can generate 338 TR which represent 1/3 of the 
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Figure 2. schematic installation of the heat recovery system
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total cooling demand for the company. Now, the next step 
is to verify if the project is economically attractive.

table 2
Stream table of the heat recovery system

Results
State Fluid mi, kg/s T, °C pi, bar hi, kJ/kg si, kJ/kgK

5 Flue gases 12.14 338.00 1.01 -2,406.49 7.7629
6 Flue gases 12.14 150.00 1.00 -2,624.41 7.3382
7 Flue gases 12.14 151.50 1.01 -2,622.43 7.3421
8 Hot water 47.11 88.00 2.20 368.73 1.1694
9 Hot water 47.11 98.00 2.00 410.74 1.2843

10 Hot water 47.11 98.50 2.50 412.85 1.2900
11 Cooling tower 76.13 29.00 3.00 121.84 0.4229
12 Cooling tower 76.13 39.00 2.00 163.53 0.5590
13 Chilled water 35.42 15.00 2.00 63.17 0.2244
14 Chilled water 35.42 7.00 1.35 29.56 0.1064
Energy consumption
Flue gases compressor 25.27 kWe
Water pumps 3.21 kWe
Total power* 28.48 kWe
*The energy consumption of the absorption chiller pumps have to be 
added, these values came from the catalog of the equipments

table 3 
System summary

Description Energy, kW % Efficiency, %
Available heat in the flue gas 2,645.84 100

45.00
Cooling capacity 1,190.50 45.00
Energy lost economizer 666.50 25.19 74.81
Energy lost absorption chiller 791.89 29.93 60.05
Energy lost compressor 3.36 0.13 86.00
Energy lost pump 0.43 0.02 86.00

economic analysis of the heat recovery system

The objective of the economic analysis consists in 
determining the economic feasibility of the heat 
recovery system taking into account the cooling and 
heating generation. The available cooling is evaluated 

considering conventional refrigeration (vapor compressor 
chiller) versus absorption chiller. The available heating 
is evaluated considering a boiler that consumes natural 
gas to heat the water versus an economizer that uses the 
flue gas to heat the water. In both cases, investment cost 
and operational and maintenance annual cost must be 
evaluated (Sullivan et al., 2003; Wang et al., 2006) The 
costs of the most important equipments were obtained 
from quotations in the Mexican market.

Cooling investment cost 

The cost of the equipments is related to the cooling 
capacity and COP of the cooling equipment. The 
comparison is between 1 unit of 300 TR absorption system 
driven by hot water and 1 unit of 300 TR conventional 
system driven by electricity (centrifugal compressor). 
The costs of additional items are estimation over total 
cost of equipments, TCE, and vary depending of the 
place of installation. The cost of the equipments also can 
vary depending on the local market and the availability 
of the equipments. The total investment costs are around 
262,200 USD for a conventional chiller, and for a heat 
recovery system with absorption chiller are of 595,221 
USD. 

Life cycle and operational cost for cooling

The operative cost for an absorption chiller is about 2.4 
times less expensive than a conventional chiller. The 
annual operative cost for a conventional chiller is 77,782 
USD and for the heat recovery system using an absorption 
chiller is 33,085 USD. The maintenance cost is expensive 
for conventional chillers due to the high pressure to 
which the components are subjected. The operation and 
maintenance costs, O&M are estimated values for Mexico; 
therefore, these values must be carefully considered 
in order to have trustworthy values for the economic 
analysis. For example the cost of electrical energy for the 
company is 0.8 MX$/kWh (0.061 USD/kWh) but this cost 
may vary in the future or for other companies.

Figure 3. thermal design scheme of the heat recovery system (numbers in table 2) 
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Heating investment cost 

The siderurgical industry uses a boiler to generate hot 
water for heating; the boiler consumes natural gas as 
a primary energy source. To use the heat recovery 
system to generate hot water for heating only the 
corresponding pipelines are needed (see Fig. 3), since all 
the equipments to generate hot water for the absorption 
chiller are available. For that reason, the conventional 
heating system is about 3 times more expensive than 
the heat recovery system. The total investment cost for 
the conventional heating is 87,084 USD, and for the 
heat recovery system is just 27,241 USD.

Life cycle and operational cost for heating

To evaluate the life cycle and operational costs for 
the heating system, the boiler uses natural gas while 
the heat recovery system uses flue gases as a primary 
energy source. Considering 750 hr/year of operation of 
the heating system, the annual cost of the conventional 
system that uses natural gas is 57,483 USD. The annual 
cost of the heat recovery system, just for heating, is 
10,757 USD.

Results of the economic analysis

The summarized results for the economic analysis are 
showed in Table 4. These values will be used to evaluate 
the feasibility of the project.

table 4
Summary of the economic analysis

Description Conventional 
cooling

Conventional 
heating

Cooling&heating 
heat recovery

Investment costs USD
Cooling System 262,200 0 592,535
Heating System 0 87,084 27,241
Investment difference 270,491
Operational costs USD/year
Cooling System 69,817 0 16,962
Heating System 0 27,483 10,757
difference operational costs 69,581

The investment costs for the heat recovery system 
result 2.3 times more expensive than the conventional 
systems to generate both cooling and heating.

The operational annual costs for the siderurgical 
industry to cover the heating and cooling requirements 
using conventional systems (compressor chiller and boiler) 
is 97,300 USD/year while using the heat recovery system 
the annual operative cost is 27,719 USD/year, which is 
about 3.5 times less expensive than the conventional 

system operational costs. The annual savings for the heat 
recovery system results in 69,581 USD/year.

Considering one year of operation (300 days) is 
important to notice that 75% of the time is for cooling 
and the rest 25% is for heating. The operative savings 
only for cooling are 52,885 USD/year for 225 days 
of operation per year considering an electricity cost 
of 0.068 USD/kWh (0.8 MX$/kWh). The operational 
savings for heating are 16,726 USD/year for only 75 
days of operation per year. This scenario is considering 
a natural gas cost of 4 USD/MMBtu (0.01365 USD/
kWh).

As it can be seen from the economical results from 
Table 4, the operational costs for the conventional 
heating system for only 75 estimated days of operation 
is higher comparing it with 225 estimated days of 
operation for the cooling system. 

In order to evaluate the feasibility of the project, it 
is important to know the economic parameters. The 
internal rate of return (IRR) is an important indicator 
of the feasibility of the project. It shows the interest 
that can be obtained on the investment considering the 
operational costs and the life cycle of the project. The 
payback period is easy to understand and is widely 
adopted (only for constant payments in the cash flow). 
The payback determines how many years it takes to 
return the invested capital. The net present value (NPV) 
compares the present worth of a cash flow with the 
initial capital investment at a preassigned interest rate 
(Ostwald and McLaren, 2004).

Considering a period of 20 years, which is a typical 
life cycle of these systems (providing good maintenance 
and operation), Table 5 shows the results of the 
economic analysis of the project. 

table 5
Summary of the project feasibility

Investment difference 270,491 USD
Period 20 years
Total savings 69,581 USD/year
IRR (internal rate of return) 25.45%
SPB (simple payback) 3.89 years
NPV rate (net present value) 20%
NPV (net present value) 68,337 USD

The IRR has a value of 25.45% that is very attractive 
since typical values of IRR are 20%. Besides, the payback 
period is 3.89 years and considering an interest of 20%, 
the project gives a positive net present value of 68,337 
USD. Once again, if the project is only designed to cover 
the cooling demand, which means 52,855 USD/year of 
savings, and an investment difference of 330,335 USD 
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(from Table 4), the interest rate of return is just 15.0%, the 
payback period is about 6.25 years, and the net present 
value is negative, -72,955 USD, considering an interest 
of 20%. For this economic analysis, parameters like 
depreciation, taxes and inflation are not considered since 
these parameters have to be evaluated depending upon 
the fiscal and financial policies of each industry.

Results of thermal sensitivity analysis

The following data are the results of the thermal analysis 
–see Figure 4.

Figure 4. Cooling capacity for different COP and flue gas temperature (left), Cooling capacity for different 
coP and natural gas consumption (right)
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Figure 5. economic analysis for different electric energy cost (up) and natural gas cost (down) for different 
operation days per year of the system (roI, recovery of investment)
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results And dIscussIon

Using the validated model developed in Microsoft 
Excel®, it is possible the get both thermal and 
economic sensitivity analyses of the project for many 
cases. The results are presented graphically. Data 
shoun above the graphics indicate the parameters that 
are constant. 

Results of economic sensitivity analysis

The results of the economic sensitivity analysis are 
presented in Figure 5.
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As it can be seen from Figure 5, the operation days 
per year of the new system and the savings obtained 
from the cost of electric energy determine the feasibility 
of the project. 

Figure 5 shows what kind of interest can be 
achieved under certain conditions of operations and 
costs of energy (electrical and from natural gas). For 
example, considering a constant cost of electrical 
energy of 0.1026 USD/kWh (1.22 MX$/kWh), and for 
natural gas of 4 USD/MMBtu, if the company wants 
at least 30% of interest, the heat recovery system 
needs to operate at least 220 days/year or 2200 hr/year 
(considering 10 hr/day of operation). 

conclusIons

Industrial furnaces with flue gases temperature over 
250°C represent an opportunity area for a heat recovery 
system. Heat recovery systems can be used to generate 
hot and cool water to cover heating and air conditioning 
demands. A good evaluation and consideration of the 
heat availability must be done in order to have trust 
values. Applying heat recovery systems in conjunction 
with industrial equipments requires some thought 
about overall operation and technical data. The cost 
of the equipments and operation must be carefully 
evaluated because they determine the feasibility of 
the project. 

In this case, the study shows that with the data 
values of the industrial furnace and considering 
average values, it is possible to generate 300 TR for 
air conditioning for the offices, and also to cover the 
heating demand all year around, except for the period 
of major maintenance (2 weeks per year) when it 
cannot provide hot and cool water. The economic 
analysis shows that with the market cost of the 
equipments, actual cost of electricity and natural gas, 
and technical data of absorption chillers available in 
the market compared with conventional chillers, the 
payback period is 3.89 years, the net present value 
(@20%) is 68,337 USD, and a return on investment 
of 25% can be obtained.

On the other hand, considering only cooling for air 
conditioning (without heating), the project has an IRR of 
15% and a negative net present value of -72,955 USD. 
In this case, it is strongly recommended to consider 
both alternatives, cooling and heating demand, for the 
heat recovery system.

Thanks to the sensitivity analysis it is possible to 
consider other possible scenarios, like the variation of 
the operation of the system and cost of electricity and 
natural gas among others.

It is important to mention that the industrial furnace 
is not working to the design capacity which means that 
there is more heat available if the load of iron slabs 
increases; according to the catalog the industrial furnace 
it can consume 12,000 Nm3/hr of natural gas. 

The analysis presented shows the importance to 
realize both thermal and economic analysis of the heat 
recovery systems to consider not only the improvement 
of the efficiency in the system but also the cost and benefit 
that can be obtained. With the rising costs of electricity 
and fossil fuels, maximizing the useful recovery of heat 
in the industries is more important than ever.

With the heat recovery system and the available data 
the siderurgical industry would have to pay 1/3 of the 
total cost for cooling demand, just saving in energy 
51,960 USD/year. 

Environmental aspects should be considered since 
the project replaces conventional equipments that work 
with electricity and fossil fuels. Also, absorption chiller 
technologies use refrigerants that are environmentally 
friendly. These factors can be a plus for the project and 
for the social image of the siderurgical industry.

This study was developed using a single effect LiBr 
absorption chiller driven by hot water. In the market it is 
possible to find a double effect absorption chiller driven 
by hot water or vapor and also absorption chillers driven 
by flue gases. For these analyses, other thermodynamic 
and economic aspects must be considered.
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nomenclAture

A Annual constant payments
COP Coefficient of performance
EE Electric energy
HX Heat exchanger
i Interest
N.G. Natural gas
NPV Net present value
O&M Operation and maintenance
ROI Recovery of investment
IRR Internal rate of return
SPB Simple pay back
TR Tons of refrigeration
USD American Dollars
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