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• Waste heat from offshore oil and gas platform is used to improve OTEC efficiency.
• Four systems are designed to utilize flue gas and production water waste heat.
• Thermodynamic model for predicting the novel system performance is established.
• Power generation, thermal efficiency and exergy efficiency are increased.
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A B S T R A C T

To improve ocean thermal energy conversion (OTEC) system efficiency, four systems utilizing the
waste heat recovery from offshore oil and gas platform are proposed, including flue gas boosting
OTEC (system I), production water boosting surface seawater OTEC (system II), production water
boosting working medium OTEC (system III), and production water boosting vapor OTEC (system
IV). The system thermodynamic performance are investigated. The results show that system IV
has larger power generation (Wnet), thermal efficiency (ηth) and exergy efficiency (ηex) than oth-
ers. Compared with single OTEC system, for system IV, Wnet, ηth and ηex are increased by
1569.13 %, 70.35 % and 138.26 %, respectively. For system IV, with the increase of flue gas
waste heat quantity from 2000 to 4000 kW, Wnet, ηth and ηex are increased by 562 %, 390 % and
181 % respectively; with the increase of production water waste heat quantity from 0 to 100 kW,
Wnet, ηth and ηex are 12.59 %, 5.73 % and 2.86 % respectively. Wnet rises first and then decreases
with the increase of evaporation pressure (Peva) or base fluid concentration (xb), presenting an
optimal Peva of 1.5 MPa and xb of 0.82 corresponding to the maximum Wnet; Wnet decreases with
the increase of condensation temperature.
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Nomenclature

c specific heat (J·kg−1·k−1)
D equivalent diameter (m)
E exergy (W)

g gravity acceleration (m·s−2)
h specific enthalpy (J·kg−1)
ΔP pressure drop (Pa)
E
D exergy destruction (W)

L length (m)
P pressure (Pa)
m mass flow rate (kg·s−1)
Q heat quantity (W)

s specific entropy (J·kg−1·k−1)
T temperature (°C)
V flow velocity (m·s−1)
W power, work (W)
x ammonia concentration (−)
Greek symbols
ρ density (kg·m−3)
η efficiency (−)
Subscripts
a ambient
b ammonia-water mixture base fluid
con condenser
c deep cold seawater
cp deep cold seawater pump
eva evaporation
fg flue gas
hw high- temperature production water
i state point
in inlet, input
l lean ammonia solution
mix mixer
opt optimal
out outlet
p pump
reg regenerator
sep separator
th thermal
total total
tur turbine
v ammonia vapor
val throttle valve
w surface warm seawater
wp surface warm seawater pump
Abbreviation
LNG liquefied natural gas
NH3–H2O Ammonia-water
ORC organic Rankine cycle
OTEC ocean thermal energy conversion
PEM proton exchange membrane
WHROG waste heat recovery from offshore oil and gas platform
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1. Introduction
Ocean thermal energy is a promising clean and renewable energy, which has high stability, small periodic fluctuations and large

reserves [1–4]. Ocean thermal energy conversion (OTEC) is estimated to have the annual power production capacity of 30 TW [5].
During OTEC system operation, the working medium is vaporized to drive a steam turbine to generate power; after completing the
work, the exhaust steam is condensed to liquid state by deep seawater, and then transported by the working medium pump to the
evaporator for further vaporization. However, single OTEC system is faced with a critical issue of low efficiency and small power gen-
eration, which is caused by the relatively low temperature difference between surface and deep seawater [6,7]. In order to meet the
actual power demand, the temperature difference between heat and cold sources of OTEC system should be increased.

Waste heat recovery can be used to increase the heat source temperature of thermodynamic cycle and then improve the cycle effi-
ciency [8–12]. During the operation of offshore oil and gas platform, high-temperature flue gas and production water carry a large
amount of waste heat. For example, about 30 % of heat energy in gas turbine power plant of offshore oil and gas platform is directly
discharged into the atmosphere, and the flue gas temperature can exceed 400 °C. During the oil extraction process, due to the high
temperature of stratum and the heating process for reducing crude oil viscosity, the temperature of production water can reach
110 °C. Therefore, the waste heat recovery from offshore oil and gas platform has great potential for improving OTEC system perfor-
mance.

The existing researches for improving OTEC system performance can be divided into two categories, one is the improvement of cy-
cle design and working medium selection, the other is the combination between OTEC with other clean energy sources. For the im-
provement of cycle design and working medium selection, Kalina [13] proposed Kalina cycle using non azeotropic working medium;
the temperature slip existing for non azeotropic working medium can reduce irreversible loss during phase transition process
[14–17], and the presence of separator can reduce the power consumption of surface warm seawater pump. Due to the small tempera-
ture difference between surface and deep seawater, the heat recovery effect of regenerator in Kalina cycle was not significant. For
solving this issue, Uehara cycle was proposed [18]; the heat from lean ammonia solution was collected and some of turbine exhaust
steam was extracted for preheating base liquid, resulting in higher thermal efficiency than Kalina cycle.

Liu et al. [19] have proposed a novel closed OTEC cycle. In the cycle, the base liquid is preheated with lean ammonia solution, and
then a portion of turbine exhaust steam was extracted for secondary preheating of base liquid. The system efficiency is 64.5 % and
2.6 % higher than those of Rankine cycle and Uehara cycle, respectively.

Yoon et al. [20] have proposed a high-efficiency R717 OTEC cycle with an expansion valve and a cooler. The system includes two
steam turbines and two regenerators, which are used to increase the power generation and preheat the base liquid respectively. The
system efficiency is 0.9 % and 1.7 % higher than those of Uehara cycle and Kalina cycle, respectively.

Yuan et al. [21] have proposed an OTEC system with two ejectors. The ammonia-water mixture is adopted as working fluid, and
the ejectors are driven by vapor and solution from sub-generator. The absorption temperature is increased by 2.0–6.5 °C, indicating
that the proposed cycle can be driven with a lower temperature difference. The thermal efficiency, net thermal efficiency and exergy
efficiency can reach 4.17 %, 3.10 % and 39.92 % respectively.

Kusuda et al. [22] have proposed an OTEC system with double-stage Rankine cycle. Compared with single-stage Rankine cycle,
the entropy generation rate is reduced, and the output power is increased.

Yoon et al. [23] have proposed an OTEC system with a liquid-vapor ejector and a motive pump. With the application of the liquid-
vapor ejector, the turbine outlet pressure becomes lower than that in basic OTEC. The system efficiency can reach 4.0 %, which is
38 % higher than that of basic OTEC.

Wu et al. [24] have established a constructal thermodynamic optimization model for OTEC system with a dual-pressure organic
Rankine cycle. The combination of constructal theory with finite time thermodynamics is used. The net power output after optimiza-
tion can be improved by 14.95 %.

Kim et al. [25] have compared the thermodynamic performance of different OTEC cycles including simple Rankine cycle, regener-
ative Rankine cycle, Kalina cycle, open cycle and hybrid cycle. Compared with simple Rankine cycle, the energy efficiencies of regen-
erative Rankine cycle and Kalina cycle are increased by 1.5 %–2 % and 2 %–3 % respectively, and the overall cycle efficiencies of hy-
brid cycle and open cycle are 3.35 % and 4.86 % respectively.

For the combination between OTEC with other clean energy sources, Kim et al. [26] have used condenser effluent from a nuclear
power plant as the heat source for OTEC. Compared with the system only using surface seawater, the thermal efficiency is increased
by at least 2 %.

Yamada et al. [27] have proposed solar-boosted OTEC system, in which the temperature of warm seawater is boosted by a typical
low-cost solar thermal collector. The annual mean net thermal efficiency is approximately 1.5 times higher than that of conventional
OTEC plant if a single-glazed flat-plate solar collector with 5000 m2 effective area is installed to boost the surface seawater tempera-
ture by 20 K.

Aydin et al. [3] have designed a OTEC system with a solar thermal collector integrated as an add-on preheater or superheater. For
both preheating and superheating cases, the net power generation are increased by 20 %–25 %. For superheating case, the system
thermal efficiency is increased from 1.9 % to 3 %.

Ahmadi et al. [28] have proposed an OTEC system coupled with a solar-enhanced proton exchange membrane (PEM) electrolyzer.
The energy and exergy efficiencies of the integrated OTEC system are 3.6 % and 22.7 % respectively, and the exergy efficiency of the
PEM electrolyzer is about 56.5 % while the amount of hydrogen production is 1.2 kg h−1.

Arcuri et al. [29] have proposed an OTEC system using liquefied natural gas (LNG) as cold source. The system efficiency can reach
17.5 % when LNG temperature at the inlet of condenser is −160 °C.
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Idrus et al. [30] have proposed an OTEC system combined with geothermal energy. The system produces different net power out-
puts with various superheated ammonia temperatures at fixed geothermal energy input. The system thermal efficiency can reach
4.61 %.

Yilmaz [31] has proposed a new wind-OTEC hybrid plant for clean power production. The system consists of two main sub-cycles,
including working fluid OTEC system and wind turbine. The overall energy and exergy efficiencies of the hybrid system are 12.27 %
and 23.34 %, respectively.

Yilmaz et al. [32] has proposed a new OTEC based hydrogen production and liquefaction system. The solar collector is integrated
with OTEC system. The energy and exergy efficiencies of integrated system are founded to be 43.49 % and 36.49 %, respectively.

The existing researches on waste heat recovery from offshore oil and gas platform are mainly concerned with Brayton cycle [33],
organic Rankine cycle (ORC) [34–37], air bottoming cycle [37,38] and steam Rankine cycle [37]. Liu et al. [33] have investigated the
thermal performance of Brayton cycle with waste heat recovery boiler for diesel engines in offshore oil production facilities. With the
utilization of waste heat recovery boiler instead of thermal boiler, the system energy efficiency without fan is slightly reduced but
heat recovery efficiency is improved.

Reis et al. [34] have conducted the off-design performance analysis and optimization of power production by ORC coupled with
gas turbine in offshore oil platform. The ORC is very flexible in the heat recovery under dynamic demand conditions, contributing up
to 20.3 % in electricity generation, which causes an increase in overall system efficiency of up to 11.3 %.

Pierobon et al. [35] have performed the multi-objective optimization of ORC for waste heat recovery from gas turbine in off-shore
oil and gas platform. For working fluid of acetone, the thermal efficiency ranges from 23.7 % to 27.0 %. For working fluid of cy-
clopentane, the thermal efficiency ranges from 27.0 % to 28.1 %.

Nami et al. [36] have proposed gas turbine exhaust heat recovery by ORC to supply energy offshore. Two configurations (cascade
and series) are proposed. Siloxane MM and R124 are the best working fluids for the cascade and series systems. Decreasing the ORC
minimum pressure in the series system makes considerable improvement.

Pierobon et al. [37] have utilized multi-objective design-point optimization to compare ORC, air bottoming cycle and steam Rank-
ine cycle for waste heat recovery from gas turbine in offshore oil and gas platform. ORC presents larger performance compared with
steam Rankine cycle, and the implementation of air bottoming cycle is not attractive from economic and environmental perspective
compared with other two cycles.

Pierobon and Haglind [38] have design an air bottoming cycle to recover the waste heat from gas turbine in offshore platform.
Through the theory of power maximization, the power of gas turbine and thermal efficiency can be increased by 16 % and 5.2 %, re-
spectively.

From the literature review, it can be seen that the research on OTEC system integrated with waste heat recovery from offshore oil
and gas platform is rarely reported. The purpose of this study to present a novel OTEC system integrated with waste heat recovery
from offshore oil and gas platform (OTEC-WHROG). The effects of flue gas waste heat quantity, production water waste heat quantity,
evaporation pressure, base fluid concentration and condensation temperature on system performance are investigated, and compared
with single OTEC system. The novelty of this study includes: (1) waste heat recovery from offshore oil and gas platform to improve
OTEC system efficiency; (2) design of four heat exchange configurations for effective utilization of heat from high-temperature flue
gas and production water.

2. System design
The ocean thermal energy conversion systems integrated with waste heat recovery from offshore oil and gas platform (OTEC-

WHROG) are designed. According to the waste heat sources (high-temperature flue gas and production water) and heated objects, the
systems can be divided into four different types, including flue gas boosting OTEC system (system I), production water boosting sur-
face seawater OTEC system (system II), production water boosting working medium OTEC system (system III), and production water
boosting vapor OTEC system (system IV).

For these four systems, Kalina cycle is adopted for OTEC. The reasons for adopting Kalina cycle are as follows: (1) Kalina cycle
adopting ammonia-water mixture as working fluid can achieve variable evaporation temperature. During the evaporation process,
the ammonia concentration is decreased, which leads to the increase of solution boiling point, so that the evaporation matches the
heat transfer process. Consequently, the irreversible loss during heat transfer process is reduced, and the thermal efficiency is im-
proved [14,17]. (2) The exhausted gas is adopted to heat the working fluid before passing the evaporator, which reduces the con-
sumption of surface warm seawater. (3) Both theoretical and practical investigations reveal that the thermal efficiency of Kalina cycle
is higher than that of Rankine cycle [14,17]. (4) Kalina cycle can adapt to different operation conditions by adjusting the concentra-
tion of ammonia-water mixture.

Ammonia-water (NH3–H2O) mixture is adopted as working medium, and has variable-temperature evaporation characteristics,
which reduces the temperature difference and exergy destruction during heat transfer process. The properties of Ammonia used in the
present study are listed in Table 1.

The equipment for the cycle include the evaporator, separator, steam turbine, regenerator, throttle valve, mixer, condenser, work-
ing medium pump, surface and deep seawater pumps. There are three forms of ammonia-water mixture in the cycle, including base
fluid, rich ammonia vapor, and lean ammonia solution. The base liquid of ammonia-water mixture absorbs the heat from surface sea-
water through the evaporator; the ammonia in the mixture, which has relatively lower boiling point, is evaporated and transformed
into ammonia vapor, changing the base liquid to be gas-liquid mixture (stages 1–2). The ammonia-water gas-liquid mixture is sepa-
rated into rich ammonia vapor with higher ammonia concentration (stages 2–3) and lean ammonia solution with low ammonia con-
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Table 1
Properties of Ammonia used in the present study.

Working
medium

Chemical and physical properties Environmental
characteristics

Type

Molar mass (g
mol−1)

Critical temperature
(°C)

Critical pressure
(MPa)

Standard boiling point
(°C)

GWP ODP Safety Group Character

Ammonia 17.03 132.4 11.2 −33.3 0 0 B2L Wet

centration (stages 2–5) through the separator. The rich ammonia vapor enters the steam turbine to do work and drives the generator
to generate electricity (stages 3–4). Through regenerator, the lean ammonia solution preheats the base liquid of ammonia-water mix-
ture not entering the evaporator (stages 5–6). After that, the lean ammonia solution undergoes pressure adjustment through the throt-
tle valve (stages 6–7), and then is mixed with the steam turbine exhaust through the mixer to form the base liquid of ammonia-water
mixture (stages 4, 7–8). The mixed base liquid of ammonia-water mixture is condensed to liquid phase by deep seawater through the
condenser (stages 8–9), pressurized by the working medium pump (stages 9–10), preheated by the regenerator (stages 10-1), and then
enters the evaporator again to complete a cycle.

For system I, the surface seawater is heated by high-temperature flue gas before entering the evaporator, as shown in Fig. 1 (a).
For system II, the surface seawater is heated by high-temperature production water and flue gas before entering the evaporator, as
shown in Fig. 1 (b). For system III, the surface seawater is heated by high-temperature flue gas before entering the evaporator, and the
base fluid of ammonia-water mixture is heated by high-temperature production water before entering the separator (stages 11–12), as
shown in Fig. 1 (c). For system IV, the surface seawater is heated by high-temperature flue gas before entering the evaporator, and the
rich ammonia vapor is heated by high-temperature production water before entering the steam turbine (stages 11–12), as shown in
Fig. 1 (d).

3. Thermodynamic modeling
3.1. Modeling technical route and assumptions

A thermodynamic model for OTEC-WHROG system is established, which includes three sub-models, i.e., high-temperature flue
gas boosting sub-model (sub-model 1), high-temperature production water boosting sub-model (sub-model 2), and OTEC perfor-
mance sub-model (sub-model 3), as shown in Fig. 2. The input parameters of overall model are: flue gas waste heat quantity, produc-
tion water waste heat quantity, evaporation pressure, base fluid concentration and condensation temperature. The output parameters
are: power generation, thermal efficiency, exergy efficiency, and total exergy destruction. The temperature of surface seawater at the
outlet of flue gas heat exchanger is calculated through sub-model 1; the temperature of surface seawater as well as the enthalpy of
working medium at the outlet of production water heat exchanger are calculated through sub-model 2; the temperature, enthalpy,
evaporation pressure, base fluid concentration, and condensation temperature are used as input parameters for sub-model 3.

For the simplification of physical problem, some assumptions are made as follows: (1) the pressure drop in pipelines connecting
equipment are ignored; (2) the heat losses of various components in the system are ignored; (3) the mechanical loss of steam turbine
and the pressure loss of mixer are ignored; (4) the system operates under stable conditions; (5) the pressure drop in flue gas and pro-
duction water heat exchangers are ignored.

3.2. High-temperature flue gas boosting sub-model
The temperature of surface warm seawater at the outlet of flue gas heat exchanger is

Tw,fgout = Tw,fgin +

Qfg

mwcw

(1)

where m
w is the mass flow rate of surface warm seawater, set as 15 kg s−1 in the present study; cw is the specific heat of surface warm

seawater, and has the value of 4.179 kJ kg−1 K−1; Tw, fgin is the temperature of surface warm seawater at the inlet of flue gas heat ex-
changer, set as 298.15 K in the present study; Qfg is the flue gas waste heat quantity.

3.3. High-temperature production water boosting sub-model
3.3.1. Production water boosting surface seawater OTEC system

The temperature of surface warm seawater at the outlet of production water heat exchanger is

Tw,hwout = Tw,hwin +

Qhw

mwcw

(2)

where Tw, hwin is the temperature of surface warm seawater at the inlet of production water heat exchanger; Qhw is the production wa-
ter waste heat quantity.
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Fig. 1. Schematic diagram of four different OTEC-WHROG systems.
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Fig. 2. Technical route of thermodynamic model for OTEC-WHROG system.

3.3.2. Production water boosting working medium OTEC system
The specific enthalpy of ammonia-water mixture base fluid at the outlet of production water heat exchanger is

h12 = h11 +

Qhw

mb

(3)

where h11 is the specific enthalpy of ammonia-water mixture base fluid at the inlet of production water heat exchanger; mb is the mass
flow rate of ammonia-water mixture base fluid.

3.3.3. Production water boosting vapor OTEC system
The specific enthalpy of rich ammonia vapor at the outlet of production water heat exchanger is

h12 = h11 +

Qhw

mv

(4)

where h11 is the specific enthalpy of rich ammonia vapor at the inlet of production water heat exchanger; m
v is the mass flow rate of

rich ammonia vapor.

3.4. OTEC performance sub-model
3.4.1. Energy modeling
3.4.1.1. Evaporator. The heat exchange quantity in evaporator is calculated by

Qeva = mb

(
h2 − h1

)
=

(
Tw,in − Tw,out

)
cw mw (5)

where h1 and h2 are the specific enthalpy values of working medium at the state points 1 and 2, respectively; Tw, in and Tw, out are the
temperatures of surface warm seawater at the inlet and outlet of evaporator, respectively.

Thus, there is

Tw,out = Tw,in −

mb

(
h2 − h1

)

cw mw

(6)

3.4.1.2. Separator. Energy conservation:

mbh2 = mvh3 + mlh5 (7)

Ammonia mass conservation:

mbx2 = mvx3 + mlx5 (8)

Working medium mass conservation:

mb = ml + mv (9)
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where ml is the mass flow rate of lean ammonia solution, respectively; h3 and h5 are the specific enthalpy values of working medium at
the state points 3 and 5, respectively; x2, x3 and x5 are the ammonia concentrations at the state points 2, 3 and 5, respectively.

3.4.1.3. Steam turbine. The isentropic efficiency of steam turbine is

𝜂tur =

h3 − h4

h3 − h4s

(10)

where h4 and h4s are the actual and isentropic specific enthalpy values of working medium at the state point 4, respectively.
The isentropic expansion process is expressed as

s3 = s4s (11)

where s3 and s4s are the specific and isentropic specific entropy values of working medium at the state points 3 and 4, respectively.
The expansion work is

Wtur = mv

(
h3 − h4

)
(12)

3.4.1.4. Mixer. Energy conservation:

mbh8 = mvh4 + mlh7 (13)

Ammonia mass conservation:

mbx8 = mvx4 + mlx7 (14)

Working medium mass conservation:

mb = ml + mv (15)

where h7 and h8 are the specific enthalpy values of working medium at the state points 7 and 8, respectively; x4, x7 and x8 are the am-
monia concentrations at the state points 4, 7 and 8, respectively.

3.4.1.5. Condenser. The heat exchange quantity in condenser is calculated by

Qcon = mb

(
h8 − h9

)
(16)

where h9 is the specific enthalpy value of working medium at the state point 9.
The mass flow rate of deep cold seawater is

mc =

Qcon

cc

(
Tc,out − Tc,in

) (17)

where m
c is the mass flow rate of deep cold seawater; cc is the specific heat of deep cold seawater; Tc, in and Tc, out are the temperatures

of deep cold seawater at the inlet and outlet of condenser, respectively.

3.4.1.6. Working medium pump. The isentropic process for working medium pump is described as
s9 = s10 (18)

where s9 and s10 are the specific entropy values of working medium at the state points 9 and 10, respectively.
The power consumption of working medium pump is

Wp =

mb

(
h10 − h9

)

𝜂p

(19)

where h10 is the specific enthalpy value of working medium at the state point 10; ηp is the efficiency of working medium pump.

3.4.1.7. Regenerator. According to energy conversion, there is

ml

(
h6 − h5

)
= mb

(
h1 − h10

)
(20)

where h5 and h6 are the specific enthalpy values of working medium at the state points 5 and 6, respectively.

3.4.1.8. Throttle valve. According to energy conversion, there is
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h6 = h7 (21)

3.4.1.9. Seawater pump. The equivalent diameter of surface warm seawater pipeline is

Dw =

(
mw

4

𝜌wVw𝜋

)0.5

(22)

The total pressure drop of surface warm seawater in pipeline is

ΔPw = 6.82
Lw

Dw
1.17

(
Vw

100

)1.85

+
Vw

2

g
(23)

The power consumption of surface warm seawater pump is

Wwp =
mwΔPwg

𝜂wp

(24)

The equivalent diameter of deep cold seawater pipeline is

Dc =

(
mc

4

𝜌cVc𝜋

)0.5

(25)

The total pressure drop of deep cold seawater in pipeline is

ΔPc = 6.82
Lc

Dc
1.17


Vc

100

1.85

+
Vc

2

g
+


Lc −

Lc


𝜌c + 𝜌w


2𝜌c


(26)

The power consumption of deep cold seawater pump is

Wcp =
mcΔPcg

𝜂cp

(27)

where Vw and Vc are the flow velocities of warm and cold seawater, respectively; ρw and ρc are the densities of warm and cold seawa-
ter, respectively; Lw and Lc are the lengths of warm and cold seawater pipelines, respectively; g is gravitational acceleration with the
value of 9.8 m s−2; ηwp and ηcp are the efficiencies of warm and cold seawater pumps, respectively.

The system power generation is

Wnet = Wtur − Wp − Wwp − Wcp (28)

The thermal efficiency for flue gas boosting OTEC system is

𝜂th =

Wnet

Qeva +
Qfg

(29)

The thermal efficiency for production water boosting OTEC system is

𝜂th =

Wnet

Qeva +
Qhw

(30)

3.4.2. Exergy modeling
The exergy destruction of evaporator, separator, steam turbine, mixer, condenser, regenerator and throttle valve are calculated by

Eq. (31) ∼ (37), respectively.

ED,eva = Ta

[
mb

(
s2 − s1

)
−

2 Qeva

Tw,in + Tw,out

]
(31)

ED,sep = Ta

(
mvs3 + mls5 − mbs2

)
(32)

ED,tur = Ta mv

(
s4 − s3

)
(33)

ED,mix = Ta

(
mbs8 − mvs4 − mls7

)
(34)

ED,con = mb

[(
h8 − h9

)
− Ta

(
s8 − s9

)]
(35)
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ED,reg = Ta

[
mb

(
s1 − s10

)
− ml

(
s6 − s5

)]
(36)

ED,val = Ta ml

(
s7 − s6

)
(37)

where Ta is the ambient temperature; s1, s2, s4, s5, s6, s7 and s8 are the specific entropy values of working medium at the state points 1,
2, 4, 5, 6, 7 and 8, respectively.

The total exergy destruction is

ED,total =
ED,eva +

ED,sep +
ED,tur +

ED,reg +
ED,val +

ED,mix +
ED,con (38)

The exergy efficiency for flue gas boosting OTEC system is

𝜂ex =

Wnet

Ein +
Ein,fg

(39)

The exergy efficiency for production water boosting OTEC system is

𝜂ex =

Wnet

Ein +
Ein,hw

(40)

where Ein , Ein,fg and Ein,hw are the input exergy from system, flue gas and production water, respectively.
The system design parameters input to model are listed in Table 2.

3.5. Model validation
The present OTEC model for predicting Kalina cycle performance is verified by the comparison of thermodynamic parameters of

each state point with those in Ref. [39]. Ammonia-water (NH3–H2O) mixture with base liquid concentration of 0.80 is adopted as
working medium. The evaporation temperature is 115 °C, the evaporation pressure is 2.17 MPa, the condensation temperature is
25 °C, and the mass flow rate is 1 kg s−1. The comparison of thermodynamic parameters of each state point including the tempera-
ture, pressure, specific enthalpy, ammonia mass fraction and specific entropy are listed in Table 3. It can be found that the maximum
and average relative errors are 4.75 % and 0.78 % respectively, which indicates that the present model is reliable and has high accu-
racy.

4. Results and discussion
4.1. Effect of flue gas waste heat quantity on system performance

Fig. 3 shows the effects of flue gas waste heat quantity ( Qfg) on performance of four systems, i.e., systems I, II, III and IV. From
Fig. 3 (a), it can be seen that with the increase of Qfg from 2000 to 4000 kW, the power generation (Wnet) for systems I, II, III and IV
increase from 17.51 to 121.34 kW, 18.30–125.24 kW, 18.32–125.35 kW and 19.18–127.05 kW, respectively. The reason for this phe-
nomenon is as follows. With the increase of Qfg, the temperature of surface seawater at the inlet of evaporator rises, causing the
higher evaporation temperature and mass flow rate of rich ammonia vapor ( mv). As shown in Fig. 3 (b), with the increase of Qfg, m

v

Table 2
System design parameters input to model.

Parameters Value

ηtur 0.87
ηg 0.9
ηp 0.8
ηwp 0.85
ηcp 0.85
Tc, in 4.2 °C
ρw 1023 kg m−3

ρc 1030 kg m−3

Vw 1 m s−1

Vc 1 m s−1

Lw 100 m
Lc 1000 m
Pa 0.101 MPa
Ta 25 °C
Minimum heat exchange temperature difference in evaporator 5 °C
Minimum heat exchange temperature difference in regenerator 5 °C
Minimum heat exchange temperature difference in condenser 5 °C
Pressure drop in evaporator and regenerator 0.01 MPa
Pressure drop in condenser 0.02 MPa
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Table 3
Comparison of thermodynamic parameters of each state point.

State
point

Temperature/°C Pressure/MPa Specific enthalpy/kJ·kg−1 Ammonia mass fraction Specific entropy/kJ·kg−1·K−1

Present
study

Ref.
[35]

Error
/%

Present
study

Ref.
[35]

Error
/%

Present
study

Ref.
[35]

Error
/%

Present
study

Ref.
[35]

Error
/%

Present
study

Ref.
[35]

Error
/%

1 42.3 42.3 0.0 2.18 2.18 0 329.6 328.0 0.48 0.80 0.80 0 1.730 1.725 0.29
2 115.0 115.0 0.0 2.17 2.17 0 1470.7 1469.9 0.05 0.80 0.80 0 4.991 4.987 0.08
3 115.0 115.0 0.0 2.17 2.17 0 1862.7 1862.5 0.01 0.95 0.95 0 6.117 6.116 0.02
4 74.8 77.5 3.4 0.81 0.81 0 1725.2 1751.6 1.51 0.95 0.95 0 6.176 6.252 1.22
5 115.0 115.0 0.0 2.17 2.17 0 450.2 429.8 4.75 0.41 0.41 0 2.059 2.036 1.13
6 54.7 53.0 3.2 2.16 2.16 0 140.6 135.0 4.15 0.41 0.41 0 1.215 1.173 3.58
7 54.9 53.2 3.2 0.81 0.81 0 140.6 135.0 4.15 0.41 0.41 0 1.219 1.178 3.48
8 71.2 72.6 1.9 0.81 0.81 0 1289.0 1307.6 1.42 0.80 0.80 0 4.808 4.865 1.17
9 25.0 25.0 0.0 0.79 0.79 0 245.2 245.2 0.00 0.80 0.80 0 1.462 1.462 0.00
10 25.2 25.2 0.0 2.19 2.19 0 247.2 247.3 0.04 0.80 0.80 0 1.462 1.462 0.00

and the enthalpy drop of rich ammonia vapor passing through steam turbine (Δhv) both increase, causing the increase of Wnet. Since
Wnet of system IV is highest among four systems, it has the highest thermal efficiency (ηth). From Fig. 3 (a), it also can be seen that
with the increase of Qfg from 2000 to 4000 kW, ηth for systems I, II, III and IV increase from 1.368 % to 6.946 %, 1.376 %–6.961 %,
1.377 %–6.996 % and 1.442 %–7.070 %, respectively.

From Fig. 3 (c), it can be seen that the exergy efficiency (ηex) for four systems all increase with the increase of Qfg, and the growth
rate of ηex decreases with the increase of Qfg. For example, with the increase of Qfg from 2000 to 2200 kW, ηex is relatively increased
by 42.8 %; with the increase of 3800–4000 kW, ηex is relatively increased by 2.3 %. System IV has the highest ηex. Since the tempera-
ture of surface seawater at the inlet of evaporator rises with the increase of Qfg, the exergy input to system increases. Although the to-
tal exergy destruction ( ED,total) for four systems all increase with the increase of Qfg, ηex for four systems still increase with the in-
crease of Qfg.

4.2. Effect of production water waste heat quantity on system performance
Fig. 4 shows the effects of production water waste heat quantity ( Qhw) on performance of four systems, i.e., systems I, II, III and

IV. System I is also investigated as benchmark for comparison. For system I, Qhw is 0, and the power generation (Wnet) is fixed at
64.51 kW. From Fig. 4 (a), it can be seen that with the increase of Qhw from 0 to 100 kW, Wnet for systems II, III and IV increase from
64.51 to 69.02, 69.13 and 72.63 kW respectively, with the increment degrees are of 6.99 %, 7.16 % and 12.59 % respectively. Wnet
for system IV is larger than those of systems II and III. The difference in Wnet among various systems are caused by mass flow rate of
rich ammonia vapor ( mv) and enthalpy drop of rich ammonia vapor passing through steam turbine (Δhv). As shown in Fig. 4 (b), with
the increase of Qhw from 0 to 100 kW, m

v for systems II and III increase from 1.134 to 1.201 and 1.189 kg s−1 respectively. With the
increase of Qhw, the temperature of surface seawater at the inlet of evaporator for system II rises, and the temperature of ammonia-
water mixture base fluid for system III rises, causing the increase of m

v. For system IV, due to the unchanged evaporation tempera-
ture and base fluid concentration, m

v is fixed at 1.134 kg s−1; however, the waste heat of high-temperature production water causes
the rich ammonia vapor to change from saturation to superheated state, thus Δhv significantly increases with the increase of Qhw. Tak-
ing Qhw = 100 kW as an example, Δhv for system IV is 75.99 kJ kg−1, which is larger than those for system II and III (68.58 and
69.27 kJ kg−1). The combining effect of m

v and Δhv variation tendency causes Wnet for system IV to be larger than those for systems II
and III. From Fig. 4 (a), it also can be seen that the thermal efficiency (ηth) for system IV is higher than those for systems II and III; with
the increase of Qhw from 0 to 100 kW, ηth for systems II, III and IV are relatively increased by 0.39 %, 0.63 % and 5.72 %, respectively.

From Fig. 4 (c), it can be seen that the exergy efficiency (ηex) for three systems all increase with the increase of Qhw, which is due to
the increase of Wnet. Taking system IV as an example, with the increase of Qhw from 0 to 100 kW, ηex increases from 32.20 % to
33.12 %. The total exergy destruction ( ED,total) for three systems all increase with the increase of Qhw, and the increment degrees for
systems II, III and IV are 9.05 %, 8.07 % and 7.71 %, respectively.

4.3. Effect of evaporation pressure on system performance
Fig. 5 shows the effects of evaporation pressure (Peva) on performance of four systems. From Fig. 5 (a), it can be seen that the

power generation (Wnet) of each system rises first and then decreases with the increase of Peva, meaning that an optimal Peva
(1.5 MPa) corresponding to the maximum Wnet. When Peva is higher than the optimal value, the decrease degrees of Wnet for four sys-
tems are different. Taking Peva rising from 1.5 to 2.0 MPa as an example, the decrease degrees of Wnet for systems I, II, III and IV are
32.08 %, 26.68 %, 26.66 % and 23.14 %, respectively. Wnet for system IV is largest among four systems.

From Fig. 5 (b), it can be seen that under different Peva, the mass flow rate of rich ammonia vapor ( mv) follows the order of system
II > system III > system IV = system I. With the increase of Peva, m

v for each system decreases. The reason for this phenomenon is
that the increase of Peva results in the decrease of mass flow rate of ammonia-water mixture base fluid and then the decrease of evapo-
rated ammonia. Meanwhile, the enthalpy drop of rich ammonia vapor passing through steam turbine (Δhv) increases with the in-
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Fig. 3. Effects of flue gas waste heat quantity ( Qfg) on system performance.

crease of Peva, and the growth rate decreases with the increase of Peva. Taking system I as an example, Δhv is increased by
22.77 kJ kg−1 with the increase of Peva from 1.0 to 1.2 MPa, while is increased by 9.94 kJ kg−1 with the increase of Peva from 1.8 to
2.0 MPa. For lower Peva, the increment degree of Δhv is larger, and its effect on power generation is dominant, thus, Wnet of each sys-
tem rises first with the increase of Peva. For higher Peva, the increment degree of Δhv is smaller, and the effect of qv on power genera-
tion is dominant, thus, Wnet of each system decreases with the increase of Peva. For system IV, the waste heat of high-temperature pro-
duction water causes the rich ammonia vapor to change from saturation to superheated state, thus Δhv for system IV is much larger
than those for other three systems. Taking Peva = 2.0 MPa as an example, Δhv for systems I, II, III and IV are 104.24, 104.96, 105.49
and 125.41 kJ kg−1, respectively. Therefore, Wnet for system IV is largest among four systems under different Peva.

From Fig. 5 (a), it can be seen that the thermal efficiency (ηth) of each system increases with the increase of Peva, which is inconsis-
tent with the variation tendency of Wnet. This phenomenon is caused by the following reason. With the increase of Peva, the total heat
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Fig. 4. Effects of production water waste heat quantity ( Qhw) on system performance.

input to system decreases, although Wnet starts to decrease at higher Peva, ηth is always increased. For Peva less than 1.3 MPa, the differ-
ence of ηth among four systems is slight; with the increase of Peva, ηth for system IV is significantly higher than those for other three
systems. From Fig. 5 (c), it can be seen that the variation tendency of exergy efficiency (ηex) is consistent with that of ηth. The total ex-
ergy destruction ( ED,total) decreases with the increase of Peva, indicating that the higher Peva is beneficial to the utilization of energy.

4.4. Effect of base fluid concentration on system performance
Fig. 6 shows the effects of base fluid concentration (xb) on performance of four systems. From Fig. 6 (a), it can be seen that the

power generation (Wnet) of each system rises first and then decreases with the increase of xb, meaning that an optimal xb (xb,
opt = 0.82) corresponding to the maximum Wnet. Wnet for system IV is largest among four systems. For lower xb, the difference of
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Fig. 5. Effects of evaporation pressure (Peva) on system performance.

Wnet between system IV and other three systems is large; with the increase of xb, the difference decreases gradually. For example, at
xb = 0.70, the differences of Wnet between system IV and systems I, II and III are is 9.64, 4.62 and 4.56 kW, respectively; at
xb = 0.90, the differences are 5.61, 2.24 and 1.93 kW, respectively. With the increase of xb, the thermal efficiency (ηth) for each sys-
tem decreases gradually, which is caused by the increase of heat exchange quantity in evaporator.

From Fig. 6 (b), it can be seen that with the increase of xb, the mass flow rate of rich ammonia vapor ( mv) for each system in-
creases. m

v for system II is largest among four systems, which is due to its highest evaporation temperature and largest amount of re-
leased ammonia. The enthalpy drop of rich ammonia vapor passing through steam turbine (Δhv) decreases with the increase of xb. The
reason for this phenomenon is as follows. The increase of xb results in the increase of condensation pressure at the fixed condensation
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Fig. 6. Effects of base fluid concentration (xb) on system performance.

temperature and the increase of steam turbine outlet pressure, causing the decrease of Δhv. The combining effect of m
v and Δhv leads

to the variation tendency of Wnet.
From Fig. 6 (c), it can be seen that with the increase of xb, the exergy efficiency (ηex) of each system gradually decreases and the to-

tal exergy destruction ( ED,total) continuously increases. When xb increases from 0.70 to 0.90, ηex for systems I, II, III and IV are de-
creased by 26.52 %, 26.71 %, 26.06 % and 29.10 %, respectively. As the auxiliary heat source for system II is used to heat the sur-
face seawater not entering the evaporator, the exergy input from the auxiliary heat source will lead to the increase of exergy destruc-
tion for all components of system, thus, ED,total for system II is larger than those for other three systems.

4.5. Effect of condensation temperature on system performance
Fig. 7 shows the effects of condensation temperature (Tcon) on performance of four systems. From Fig. 7 (a), it can be seen that

with the increase of Tcon, the power generation (Wnet) and thermal efficiency (ηth) of each system both decrease. When Tcon rises from
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Fig. 7. Effects of condensation temperature (Tcon) on system performance.

10 to 24 °C, for systems I, II, III and IV, Wnet are decreased by 36.88 %, 36.83 %, 36.76 % and 36.38 % respectively, ηth are de-
creased by 33.63 %, 33.61 %, 33.56 % and 33.31 % respectively. At different Tcon, Wnet and ηth for system IV are higher than those
for other three systems. The reason for the decrease of Wnet is as follows. The increase of Tcon causes the increase of condensation
pressure, which leads to the increase of pressure at steam turbine outlet and then the decrease of enthalpy drop of rich ammonia va-
por passing through steam turbine (Δhv), as shown in From Fig. 7 (b). Meanwhile, the mass flow rate of rich ammonia vapor ( mv) is
not affected by Tcon.

From Fig. 7 (c), it can be seen that with the increase of Tcon, the exergy efficiency (ηex) of each system decreases and the total ex-
ergy destruction ( ED,total) increases. When Tcon rises from 10 to 24 °C, for systems I, II, III and IV, ηex are decreased by 23.40 %,
23.53 %, 23.64 % and 23.35 %, respectively. This phenomenon is caused by the following reason. The increase of Tcon leads to the
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increase of exergy destruction of condenser and then the increase of ED,total, while Wnet decreases with the increase of Tcon, which re-
sults in the decrease of ηex with the increase of Tcon.

4.6. Comparison of system performance
Based on the above analysis, it can be seen that system IV has larger power generation (Wnet), thermal efficiency (ηth) and exergy

efficiency (ηex) than systems I, II and III. This phenomenon is caused by the following reasons. For system IV, the rich ammonia vapor
is changed from saturation to superheated state due to the waste heat of high-temperature production water, causing the enthalpy
drop of rich ammonia vapor passing through steam turbine (Δhv) for system IV to be larger than those for other three systems. As the
waste heat quantity is fixed, the thermal efficiency (ηth) and exergy efficiency (ηex) for system IV are also higher than those for other
three systems. In order to disclose the influence of waste heat recovery from offshore oil and gas platform on OTEC system perfor-
mance, the performance comparison between system IV and single OTEC system are performed, as shown in Fig. 8. The evaporation
pressure (Peva) is 1 MPa, the base fluid concentration (xb) is 0.80, and the condensation temperature (Tcon) is 24 °C. The waste heat
quantity of high-temperature flue gas ( Qfg) is 3000 kW, and the waste heat quantity of high-temperature production water ( Qhw) is
50 kW. Compared with single OTEC system, for system IV, Wnet, ηth and ηex increase from 2.43 to 40.56 kW, 2.26 %–3.85 %,
6.25 %–14.89 % respectively, with the increment degrees of 1569.13 %, 70.35 % and 138.26 % respectively. The reason for this phe-
nomenon is as follows. The waste heat of high-temperature flue gas and production water are adopted to heat the surface seawater
and rich ammonia vapor respectively, which increases the mass flow rate of rich ammonia vapor and enthalpy drop of rich ammonia
vapor passing through steam turbine, thereby improving Wnet, ηth and ηex.

5. Conclusions
This paper proposed a novel ocean thermal energy conversion system integrated with waste heat recovery from offshore oil and

gas platform (OTEC-WHROG). According to the waste heat sources (high-temperature flue gas and production water) and heated ob-
jects, four systems are designed, including flue gas boosting OTEC system (system I), production water boosting surface seawater
OTEC system (system II), production water boosting working medium OTEC system (system III), and production water boosting vapor
OTEC system (system IV). The effects of flue gas waste heat quantity, production water waste heat quantity, evaporation pressure,
base fluid concentration and condensation temperature on system performance are investigated, and compared with single OTEC sys-
tem. The following conclusions could be drawn.

(1) The power generation (Wnet), thermal efficiency (ηth) and exergy efficiency (ηex) for four systems all increase with the
increase of flue gas waste heat quantity ( Qfg). Wnet, ηth and ηex for system IV are larger than those for other three systems. For
system IV, with the increase of Qfg from 2000 to 4000 kW, the increment degrees of Wnet, ηth and ηex are 562 %, 390 % and
181 % respectively. Wnet, ηth and ηex for systems II, III and IV all increase with the increase of production water waste heat
quantity ( Qfg). Wnet, ηth and ηex for system IV are larger than those for other two systems. For system IV, with the increase of
Qfg from 0 to 100 kW, the increment degrees of Wnet, ηth and ηex are 12.59 %, 5.73 % and 2.86 % respectively.

(2) For four systems, Wnet rises first and then decrease with the increase of evaporation pressure (Peva) or base fluid
concentration (xb), presenting an optimal Peva of 1.5 MPa and xb of 0.82 corresponding to the maximum Wnet; Wnet decreases
with the increase of condensation temperature (Tcon); ηth and ηex increase with the increase of Peva, decrease with the increase
of xb, and decrease with the increase of Tcon.

Fig. 8. Performance comparison between system IV and single OTEC system.
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(3) System IV has larger Wnet, ηth and ηex than other three systems. Compared with single OTEC system, for system IV, Wnet, ηth
and ηex are increased by 1569.13 %, 70.35 % and 138.26 %, respectively.
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