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Abstract

Low-grade waste heat recovery technologies reduce the environmental impact of fossil fuels and improve overall efficiency. This pa-
per presents the economic assessment of greenhouse gas (GHG) reduction through waste heat recovery using organic Rankine cycle
(ORC). The ORC engine is one of the mature low temperature heat engines. The low boiling temperature of organic working fluid en-
ables ORC to recover low-temperature waste heat. The recovered waste heat is utilized to produce electricity and hot water. The GHG
emissions for equivalent power and hot water from three fossil fuels—coal, natural gas, and diesel oil—are estimated using the fuel
analysis approach and corresponding emission factors. The relative decrease in GHG emission is calculated using fossil fuels as the base
case. The total cost of the ORC system is used to analyze the GHG reduction cost for each of the considered fossil fuels. A sensitivity
analysis is also conducted to investigate the effect of the key parameter of the ORC system on the cost of GHG reduction. Throughout the
20-year life cycle of the ORC plant, the GHG reduction cost for R245fa is 0.02 $/kg to 0.04 $/kg and that for pentane is 0.04 $/kg to 0.05

$/kg. The working fluid, evaporation pressure, and pinch point temperature difference considerably affect the GHG emission.
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1. Introduction

The leftover heat produced by combustion or any chemical
or thermal process is known as waste heat because it is usually
exhausted directly to the environment. Waste heat has not
only the highest value of exergy but also a high concentration
of pollutants, including carbon dioxide (CO,), nitrogen oxides
(NOy), and sulfur oxides (SOx), which are responsible for
global warming [1]. Electricity, heat generation, and transpor-
tation account for two-thirds of the global CO, emission [2].
The large concentrations of CO, in these two sectors can be
attributed to the usage of fossil fuels coal, natural gas, and
petroleum. The CO, emission from each sector is shown in
Fig. 1. The amount of the waste heat from industrial processes
accounts for 20% to 50% of the input heat, and the recovery of
this heat can improve energy efficiency by 10% to 50% [3].
About 50% of industrial waste heat has a low temperature
ranging from 100°C to 120°C [4].

Moreover, waste heat recovery reduces the environmental
impact by limiting the use of fossil fuels [5]. The key factors
that determine the feasibility of waste heat recovery include
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Fig. 1. World CO, emission for each sector in 2010 [2].

flow rate, temperature, pressure, chemical composition, al-
lowable temperature and pressure drop, operating schedules,
availability, and other logistics of heat source.

The selection of appropriate waste heat recovery system di-
rectly effects the efficiency and cost. The waste heat source
characteristics and appropriate waste heat recovery technolo-
gies are shown in Table 1.

Combined heat and power (CHP) systems and tri-
generation systems (TGS) provide a sustainable path toward
reducing greenhouse gas (GHG) emission and dependency on
fossil fuels. CHP systems are suitable for the simultaneous
production of heat and power, whereas TGS are used for the
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Table 1. Waste heat source and corresponding heat recovery technologies [3].

Temperature Heat sources Temperature (°C) Heat recovery methods
Nickel refining furnace 1370 to 1650
Steel electric arc furnace 1370 to 1650
Basic oxygen furnace 1200 to 1250
Aluminum reverberatory furnace 1100 to 1200
C fining fu 50 0 820 - Combustion air preheat
opper retining furnace 760t - Steam generation for process heating
High temperature  |Steel heating furnace 930 to 1040 or for mechanical/electrical work
[>650°C] Copper reverberatory furnace 900 to 1090 - Fumace load preheating
Hvd L 650 1o 0830 - Transfer to medium to low-
ydrogen plants to temperature processes
Fume incinerators 650 to 1430
Glass melting furnace 1300 to 1540
Coke oven 650 to 1000
Iron cupola 820 to 980
Steam boiler exhaust 230 to 480
Gas turbine exhaust 370 to 540 - Combustion air preheating
Medium temperature |Reciprocating engine exhaust 320 to 590 - Steam/ power generation
o o - ORC
[230°Ct0 650°C]  |Heat treating furnace 430 to 650 - Furnace load preheating
Drying and baking ovens 230 to 590 - Feed water preheating
Cement kiln 450 to 620
Exhaust gases exiting recovery devices in gas fired boilers, 70 t0 230
ethylene furnaces, and so on
Process steam condensate cooling water from
Furnace doors 30to 50 " Space hf:atmg . .
- - Domestic water heating Upgrading
Low temperature | Annealing fumaces 70 to 250 via a heat pump to increase temp for
[<230°C] Air compressors 30 to 50 end use
Internal combustion engines 70 to 120 ' OR,C
- Kalina Cycle
Air conditioning and refrigeration condensers 30 to 40
Drying, baking, and curing ovens 90 to 230
Hot processed liquids/solids 30 to 230

simultaneous production of heating, cooling, and power [6].
The recovery of waste heat through CHP and TGS can in-
crease the system exergy efficiency up to 70% [7, 8]. The
economic aspect and feasibility of waste heat recovery-based
CHP system and TGS have been analyzed in terms of their
thermodynamic performance [9, 10]. The GHG emission and
exergo-environmental analysis of TGS was presented by Ref.
[11]. The comparison of the results with those of the conven-
tional CHP system shows that the exergy efficiency of TGS is
higher but its environmental effect is lower. The exergo-
environmental optimization of a gas turbine-based CHP sys-
tem was performed by Ref. [12] using a genetic algorithm. A
sensitivity analysis was conducted at various power levels of
the gas turbine and shows a decrease in the specific unit cost
of fuel with an increase in net power.

The economic feasibility of the GHG reduction potential
of low-grade waste heat recovery through the organic
Rankine cycle (ORC) has not yet been reported in the litera-
ture. The current study investigates the GHG reduction po-
tential of the ORC waste heat recovery system. The study

also provides an economic assessment and examines the
effect of the operating parameters of ORC on the economics
of GHG reduction.

2. System description

The current system has three sections: the heat source, ORC,
and hot water. The schematic of the system is shown in Fig. 2.

The heat source is from a kiln with a constant flow rate and
temperature recovered from the heat recovery vapor generator
(HRVG).

The ORC has four main components: the HRVG, expander,
condenser, and pump. An organic fluid with a low boiling
point recovers the heat from the heat source in HRVG and
vaporizes it. High-pressure vapors expand through the turbine
to produce power. The vapors are condensed in the condenser
and pumped back to the HRVG, after which the cycle is re-
peated. The hot water produced by the condenser has a tem-
perature of about 45°C to 50°C, which is suitable for house-
hold applications.
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Table 2. Heat source conditions.

Value
Exhaust (51.2% CO,, 48.8% N,)
T=180°Cand m=10kg s

Factor

Heat source

Conditions

Table 3. Operating conditions of the ORC system.

Factor Value
Isentropic efficiency of turbine 0.85
Isentropic efficiency of pump 0.75
. P
Superheat at turbine inlet 2C
Evaporation pressure 5-20 bar
Pinch point temperature in evaporator 10°C
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Fig. 2. Schematic of the ORC waste heat recovery system.

3. Modeling

The constant temperature heat source was considered, and
the particulars of the heat source are shown in Table 2.

The heat source was utilized to produce power during the
expansion in the turbine and hot water during the condensa-
tion of the working fluid in the condenser. The evaporation
pressure of the working fluid varied from 5 bar to 20 bar, and
the corresponding net power and hot water capacity were cal-
culated. The operating pressure and pinch point in the evapo-
rator were varied and optimized because of their strong influ-
ence on the ORC performance. The operating parameters of
the ORC system are shown in Table 3.

The following assumptions were taken in modeling the
ORC system:

* The ORC system operates at steady state conditions.

* The thermal and friction losses in the pipes are negligible.

* The pump and turbine models are based on constant is-
entropic efficiency.
* The heat loss from the ORC components is negligible.

Two working fluids—R245fa and pentane—were selected
for the ORC system. The emission of these two working fluids
was estimated using the lifecycle assessment of the ORC
power plant during operation [13].

The lifecycle of the ORC power plant was divided into con-
struction, operation, and decommissioning phases. The current
study includes only the environmental impact of R245fa and
pentaneduring the operation phase. The GHG emission is low
because of the lack of combustion in ORC.

For the economic assessment, a module costing technique
was used to calculate the individual cost of the ORC compo-
nents [14, 15]. In the module costing technique, the compo-
nent cost was based on the key parameters of that component
(e.g., area in the case of heat exchangers), and the proper in-
dexes were used to include the effect of size, material, key
parameters, and time.

In the next step, the GHG emission from fossil fuel power
plants (coal, natural gas, and diesel) was estimated for equiva-
lent electricity and hot water to the ORC system. The GHG
emission from the ORC plant were subtracted from the GHG
emission of the fossil fuels to analyze the reduction of GHG
emission. The cost of GHG emission was calculated by divid-
ing the GHG reduction by the total cost of the ORC system.

3.1 Turbine and pump model

The turbine and pump are modeled after their isentropic ef-
ficiency. For the pump,

h —h

out,s in
o= oS ! 1
Tisen hout _ hm ( )
For turbine,
hi — hout
Misen =71 @
e hin - hout,s

3.2 Evaporator and condenser model

The evaporator and condenser have a plate-type heat ex-
changer and are divided into three sections: single phase (lig-
uid), two phase, and single phase (vapors). The design is
based on the LMTD method, and the iterative process of the
design is shown in Fig. 3.

3.2.1 Single phase design of the evaporator and condenser
The overall heat transfer coefficient of the single phase is
calculated as follows:

G)

The single phase Nusselt No. correlation for the heat source
in the plate heat exchanger [16] can be obtained as follows:
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Fig. 3. Design layout of the heat evaporator and condenser.
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v

The single phase Nusselt No. correlation for R245fa in the
plate heat exchanger [17] can be obtained by the following
equation:

k 0.14
&,y =02092) —L |ROTEPOB| A | )
’ D, Hygall

The pressure drop in the single phase for both cold and hot
side fluids consists of only the frictional pressure drop. The
pressure drop caused by the elevation and the port pressure
loss are neglected in the single phase.

2
AP = 4 fNCG L ) (6)
2 pD/’l
The single phase frictional pressure drop factor for both
cold and hot sides [16] are obtained as follows:

=< (7)

Re?

3.2.2 Two-phase design of the evaporator and condenser
The two-phase overall heat transfer coefficient can be ob-
tained as follows:

—:L+—+L. ®

The Nusselt No. correlation for the R245fa evaporation in
the plate heat exchanger [18] can be calculated as follows:

Nu = GelRequgZ Boeqo‘3Pr0‘4 , ©)
where
P —0.041 x —2.83
Ge =2.81| =< —— 10
| [ D, j [ 3 ﬂj (10)

p —0.082 - 0.61
Ge, =2.81| =2 Z_pl .
D, 2

The equivalent Reynolds number and boiling number are
given by the following:

Reyy=S¢4P  po, =T an
My Geqxip
0.5
eq=G (1—x)+x or
Pg

The two-phase friction factor [18] is obtained as follows:

f=GeyRe,, O, (12)
where
P -5.27 -3.03

T
Gey, = 64710] == —— 13
3 [ D, j [ 3 /3] (13)

-0.62 -0.47
Ge, ——1314| Lo [l—ﬁj .
D, 2

For the R245fa condensation in the plate heat exchanger [19],

Nu = GesRe,, "% Bo,, " Pr™* (14)
where
P —0.041 45
T
Ges =11.22| =<2 —— 15
S ( D, ] (2 ﬂ) (15)

P 0.23 - 1.48
Geg =0.35| -2 ——p .
D, 2

The two-phase frictional factor for the condensation pres-
sure drop [19] is calculated as follows:
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[ =GeyRe,, % , (16)
where
P 4.17 -7.75
Ge, =3521.1(ﬁ] [%—ﬂj (17)
h

P 0.0925 ~13
Geg =—1.024| ~<o [ﬁ— ,BJ .
D, 2

The heat transfer coefficient of the water side [16] is com-
puted as follows:

6 0.646
Nu,, = 0724(—} Re"383pp033 (18)
T

The pressure drop in the two phase consists of the pressure
drop caused by the acceleration of the refrigerant, change in
elevation, inlet/exit manifolds, and friction inside the corru-
gated plate heat exchanger. The frictional pressure drop inside
the plate heat exchanger is calculated as follows:

P:4chG2L ‘

19
YN (19)

The pressure drop caused by acceleration is represented by
the following:

AP, =G,* xxx(vy —vy), (20)

where G, is the channel flow area

o

=—Tr 1)
bx NcxW,

I

The change in the pressure caused by the elevation is calcu-
lated as follows:

AP, =g X Py X L, . (22)
The port pressure drop can be obtained as follows:

AP 1,5><G,,2><vm .

port = 5 (23)

3.3 Economic modeling

The maintenance cost is not included in the economic mod-
eling. The cost of individual components is calculated using

the appropriate chemical engineering plant cost index for 2013.

The cost of the evaporator and condenser are given as

527.7
397

HY = FsCpx {BI,HX + (B, Fur 1x Fr x )} , (24)

where Fg is an additional factor for the overhead cost,
By yx and B, jy are constants for the heat exchanger type,
and Fy py is the additional material factor for the heat ex-
changer. The Fp ;x is the pressure factor for the heat ex-
changer, and C,y is the basic cost of the heat exchanger
made from stainless steel. The basic cost of the heat exchanger
is given in terms of the following heat transfer area:

. 2
log Cpy = Kypiy + Koy (10g Apy ) + Ky (log Ay ). (25)

Ky px> Ky py, and Ks gy are the constants for the type
of heat exchanger. The pressure factor is given by the follow-
ing:

2
log Fpry = Cipx + Copry (10g Py ) + Capry (log Py )™ . (26)

Ci x> Copx, and Gy are the constants for the heat
exchanger type. The total cost of the pump is obtained as fol-
lows:

5277
Cop =
PP 397

FsCpp {BI,PP +(By,ppFir ppF, P,PP)} . @

B, pp and B, pp are the constants for the pump type,
Fyr pp is the additional material factor, Fp ;x is the pres-
sure factor for the pump, and C,y is the basic cost of the
pump. The basic cost of the pump is given in terms of pump
power:

. 2
log Cpp = Kipp + Ky pp (l0gWpp ) + K3pp (logWpp)~ . (28)

Ky pp, Ky pp, and Kj pp are the constants for the pump
type. The pressure factor for the pump is calculated as fol-
lows:

2
log Fp pp = Cy pp +C5 pp (108 Ppp ) + C3 pp (log Prp) ™ . (29)

Cy pps Cy pp, and C; pp are the constants for the pump
type. The cost of the turbine is given by the following:

527.7 .
TR =397 ¥ FgxCrpx Fyp g - (30)

Fyr g 1is the pressure and material factor for the turbine,
and Cpp is the basic cost of the turbine.

. 2
logCrg = Ky 7x + Ko 1x (logWrg ) + K3 7z (logWrg )~ . (31)
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Table 4. Constants for economic modeling.

Cont. Value Cont. Value Cont. Value
Fg 1.700 | K2 mgx -0.1557 By, pp 1.890
Bl ux 0.960 | K3 px 0.1547 By pp 1350
By Hx 1210 | Guax 0.0000 Fyr pp 2.200
Fy mx 2400 | Copx 0.0000 Ky pp 3.389
Ky 1y 4660 | C3px 0.0000 K> pp 0.536
Fur,rr 3.500 C.pp 0.3957 K3 pp 0.153
Ky, 1R 2265 G, pp -0.0022 Cpp -0.393
K> 1R 1.439 K3 1R -0.1776 Kymr | -0.177

Ky 1> Kyqg, and Kjrp are the constants for the turbine
type. The specific investment cost is calculated by the follow-
ing relation:

. _W-W,
Specific Investment Cost(S]C ) e (32)

The constants for the economic modeling of the ORC sys-
tem are shown in Table 4.

3.4 Greenhouse gas emission

The emission from the fossil fuel power plant was estimated
using the fuel analysis approach [20]. Three different fossil
fuel power generation systems were investigated: coal, natural
gas, and diesel oil. The GHGs associated with the burning of
fossil fuel are mainly CO,, CHy, and N,O. CO, is the major
contribution of GHG emission from fossil fuel. Thus, the ef-
fect of CH4 and N,O is calculated relative to CO,. The fuel
analysis approach is adopted to calculate the CO, emission as
follows:

co, (kg):i(mf)i.HCi.Ci.FOi. (fg)w , (33)

where HC,; is the heat content, C; is the carbon content,
FO; is the fraction of oxidized fuel, and m.w is the mo-
lecular weight. The CH4 and N,O emissions are calculated by
the following:

CH 4 Emission (kg) = Ag x EF;
N,O Emission (kg) = Ag x EF, (34

where Ag is the activity level of a specific source category,
and EF, is the emission factor of that category. The CH,
and N,O emissions depend on fuel type, combustion tech-
nology, combustion characteristics, and control technologies.

1200
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Fig. 4. Equivalent CO, emission from different power sources.
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Fig. 5. Greenhouse gas emission variation with net power.

The environmental protection agency provides the basic
guidelines for estimating the activity level based on fuel type,
fuel combustion technology and characteristics, control tech-
nologies, and specific application.

4. Results and discussion

The GHG emission of ORC plants is less than that of con-
ventional fossil fuel power plants because no combustion is
involved in the former. The equivalent CO, for the ORC and
fossil fuel power sources are shown in Fig. 4.

Coal has the highest emission, and ORC has the lowest
emission value of equivalent CO,. The selected working fluid
affects the CO, emission to some extent, but it is negligible
compared with fossil fuel power sources.

GHG emission is directly related to the power produced and
the annual equivalent CO, from 10 kW to 200 kW for fossil
fuel; ORC is shown in Fig. 5. At a small power capacity, the
difference in the GHG emissions of ORC and fossil fuel is
negligible. After 50 kW, the difference increases rapidly. In
the current scenario, the net power of R245fa and pentane was
calculated under the considered conditions.

The amount of GHG emission that can be reduced per an-
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Fig. 8. Effect of evaporation pressure over the net power of ORC.

num by this power, taking the equivalent power of fossil fuels
as base, is shown in Figs. 6 and 7.

The GHG emission reduction of the R245fa-based ORC
system is much higher than that of the pentane-based ORC
system. The net power produced by the two working fluids at
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Fig. 9. Greenhouse gas reduction cost for ORC (R245fa).
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Fig. 10. Greenhouse gas reduction cost for ORC (pentane).

the same operating condition is different. Therefore, the GHG
emission reduction potential of both working fluids is also
different.

The variation in the power produced by R245fa and pentane
over a range of evaporation pressure is shown in Fig. 8. The
optimum evaporation pressure for both working fluids is dif-
ferent. For example, the saturation temperature of R245fa at
10 bar is 89.74°C, whereas the saturation pressure of pentane
at 10 bar is 124°C.

Therefore, the mass flow rate of pentane is reduced, thereby
resulting in a low net power. The economics of the ORC sys-
tem for GHG reduction are shown in Figs. 9 and 10. The eco-
nomic assessment was performed by dividing the total in-
vestment cost of the ORC system by the net GHG emission
per year. The fossil fuel-based GHG emission was used as the
reference for comparing the reduction cost for R245fa and
pentane.

The reduction cost of GHG for R245fa is lower than 0.8
$/kg. It was initially higher because of the low net power out-
put of ORC at low evaporation pressure and was minimum at
10 bar, after which it increased. The reduction of GHG cost



842 M. Imran et al. / Journal of Mechanical Science and Technology 29 (2) (2015) 835~843

1.70 — Natural Gas Coal Diesel 0il

1.50

1.30

1.10

Cost of GHG reduction ($/kg)

0.90
0.70
0.50
4,00 9.00 14.00 19.00
PPTD (°C)

Fig. 11. Greenhouse gas reduction cost and PPTD.

was followed by the net power output of the ORC system. A
similar trend was observed for pentane, which showed a rela-
tively high GHG reduction cost because of its low net power.

The pinch point temperature difference (PPTD) is one of
major factors that strongly affect the ORC net power and eco-
nomics. The effect of PPTD on GHG reduction is shown in
Fig. 11. The GHG reduction cost for each fossil fuel plant
initially decreased and then increased. As the pinch point tem-
perature increased, the net power decreased because the evap-
oration pressure was lowered, and consequently the cost de-
creased.

From 5°C to 10°C, the decrease in the net power was com-
pensated for by the cost. The specific investment cost of ORC
($/kW) decreased, which in turn decreased the GHG emission
reduction cost. From 5°C to 10°C, the decrease in the net
power was compensated for by the cost. The specific invest-
ment cost of ORC ($/kW) decreased, which in turn decreased
the GHG emission reduction cost. A further increase in the
pinch point temperature beyond 10°C rapidly increased the
specific investment cost because of the decrease in net power.
A low net power results in low evaporation pressure.

5. Conclusion

The ORC system can be used to recover low-grade waste
heat, thereby ultimately reducing the GHG emission and in-
creasing the efficiency of the primary system. The GHG re-
duction potential of ORC strongly depends on its operating
conditions and working fluid. The GHG reduction potential of
ORC with R245fa is higher than that with pentane because of
the high net power of the former under the same operating
conditions. The cost of GHG reduction through the ORC sys-
tem with R245fa is less than 0.4 $/kg to 0.8 $/kg based on the
fossil fuel used for alternate power. By contrast, the GHG
reduction cost through the ORC system with pentane is 0.4
$/kg to 1 $/kg, which is based on the annual GHG reduction
potential through ORC. ORC incurs no operating cost; thus,
the cost is low if the ORC system operates for more than one

year. For a 20-year life cycle of an ORC plant, the cost is fur-
ther reduced to 0.02 $/kg to 0.04 $/kg for R245fa and 0.04
$/kg to 0.05 $/kg for pentane. The reduction cost depends on
the operating condition of the ORC system, particularly its
evaporation pressure. The pinch point in the evaporator and
condenser affects the cost of ORC and net power and directly
affects the GHG reduction potential and economics.
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