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A B S T R A C T

This review explores the potential of low and medium grade heat in different thermodynamic cycles used to
transform wasted heat into mechanical work. The aim of this review is to study the state of the art of the
thermodynamic cycles used to recover low-grade heat. The relevance of researching low grade heat or waste heat
applications is that a vast amount of heat energy is available at negligible cost within the range of medium and
low temperatures, with the drawback that existing thermal cycles cannot make efficient use of such available low
temperature heat due to their low efficiency. The different types of Organic Rankine Cycles have been reviewed,
highlighting their relevant characteristics where Simple Organic Rankine Cycle, Regenerative Organic Rankine
Cycle, Cascade Organic Rankine Cycle, Organic Flash Cycles, Other Rankine Configurations and Trilateral
Cycles are included. Reviews were conducted of specific applications of the low-grade heat recovery. In contrast,
there are no actual publications which summarise the current state of the art of the thermodynamic cycles used
to convert wasted heat into mechanical power. This paper offers a different approach and analyses low-grade
heat recovery from a thermodynamic point of view and compares their efficiency. The analysis shows that cycles
using closed processes are by far the most efficient published thermal cycles for low-grade heat recovery.
Rankine cycles reviewed show similar low efficiencies. In contrast, closed process cycles have a configuration,
which allows efficient exploitation of low-grade heat.

1. Introduction

Waste heat was traditionally used in power plants to heat coal or
preheat liquid water. Globally, an important amount of heat is
dissipated, around 52% of the world's energy, in diverse industry
sectors. If a system produces less wasted heat, it will be more efficient.
Thus, a reduction of wasted heat will contribute to both, increasing the
performance and decreasing the amount of pollutant emissions.

An important amount of heat is wasted. Forman et al. [1] estimated
that 72% of the primary energy consumption is dissipated. The main
characteristic of most of the wasted heat is its low temperature.
Therefore, even if the amount of wasted energy is high, the thermo-
dynamic efficiency of the transformation of this energy is low according
to the Carnot factor. There are differences in the temperature of the
heat wasted. For instance, the electricity sector dissipates heat at the
lowest temperatures, the industrial and the transport sectors waste a

significant amount of heat at temperatures higher than 573 K. If the
wasted heat is used, less primary fuel will be needed. Therefore, air
pollution will decrease.

Lecompte [2] concluded that, in most of the cases, waste heat has a
low temperature (< 350 °C) and it is carried as a fluid. In some
applications, waste heat cannot be fully exploited. For instance, the
dew point of exhaust gases in combustion engines is an upper limit for
the heat recovery. According to Ebara [3], if the temperature is below
the dew point the gases will condense and will potentially create
corrosive dissolutions in the exhaust system. Sarkar, J [4]. classified
low-grade heat as: geothermal heat, heat from combustion engines,
heat from industrial processes, solar energy and alternative sources of
low-grade heat. Forman and co-workers [1] studied the amount of
wasted heat in the most relevant industrial activities. They found that
52% of the world's energy is wasted through exhausts or effluents, and
they also found that the industrial and transport sectors waste an
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important amount of energy at more than 300 °C. In contrast, they
found that the electricity sector wastes most of its heat at temperatures
below 100 °C.

Cullen et al. [5] classified the potential of energy according to its
economic potential due to market forces, its technical potential, which
takes into account its practicality and the theoretical potential that
considers thermodynamic factors. The temperature will be used to
quantify the thermodynamic potential of the waste heat energy.
Assuming that the Carnot cycle is the most efficient cycle for two given
temperatures and the low temperature is constant, the potential of
wasted heat can be written as the efficiency of the Carnot cycle, which
is:

T
T

η = 1 −Carnot
L

H (1)

Fig. 1 illustrates how the variation of the hot temperature of a
thermodynamic cycle influences its thermal efficiency for Carnot based
engines. Therefore, from a thermodynamic point of view and assuming
a constant low temperature, the temperature is proportional to the
efficiency of a Carnot cycle. According to Forman [1], the waste heat
from the commercial, industrial and transport sectors have the highest
temperatures. Thus, these sectors have the highest thermodynamic
potential in their wasted energy.

Pollution negatively influences human health. Di Natale [6] con-
cluded that the maritime transport industry produces massive emis-
sions of pollutants, such as: Particulate Matter (PM), Nitrogen Oxides
(NOx) and sulphur dioxide (SO2). According to Fotourehchi [7], a
sensible amount of PM can determine life expectancy. Thus, the use of
waste heat energy can directly reduce human diseases related to
pollution. According to the European Union (EU) there is potential
to produce 20 TWh from wasted heat, which is equivalent to 4.8% of
the EU electricity consumption [8]

This article carries out a review of the most relevant thermody-

namic cycles used for low temperature sources in two main sections;
Organic Rankine Cycles (ORC) and Trilateral Cycles (TC). ORC have
different architectures and combinations, which will be analysed in the
second section of this paper. In the third section, the latest evolutions
of closed process based cycles will be analysed.

2. Organic Rankine Cycle architectures

Lecompte et al. [2] consider the Organic Rankine Cycle (ORC) to be
a validated way to exploit low-grade heat. There is an absence of
empirical data about ORC and, as a consequence, it is difficult to
compare and improve it. The following applications and architectures
are discussed.

2.1. Simple Organic Rankine Cycle

It is a basic architecture of a Rankine cycle. Fig. 2a illustrates its
architecture and Fig. 2b shows its thermal cycle in a temperature-
entropy diagram. This architecture wastes a large proportion of heat in
the condenser which reduces the efficiency of the cycle. It has been
used to recover waste heat in the cement industry, where around 40%
of the produced heat is lost according to Fergani et al. [9]. The author
studied the application of the Simple Organic Rankine Cycle (SORC) in
a cement plant. Table 1 shows three results obtained for different
working fluids. Toluene has apparently the best performance from an
exergy point of view according to Table 1. The working fluid with the
highest turbine inlet pressure has the best thermodynamic perfor-
mance. For this reason, the author claims that Cyclohexane has the best
performance from a thermodynamic point of view. Table 1 shows a
selection of tests conducted, with similar turbine inlet temperatures.

An exergoeconomic analysis was also done. This includes the study
of the thermodynamic variables (exergy) and the economic impact, at a
component level. Cost balance equations are set to accomplish that and

Nomenclature

ηCarnot Efficiency of the Carnot engine
CḊ k, Cost of Exergy Rate Destruction per Component

(money/h)
cF k, Cost per exergy unit destruction per component

(money/GJ)
Ci̇n Cost per Exergy Unit (money/h)
Cȯut Cost Rate out in (money/h)

EḊ k, Exergy Destruction Rate per component (kW)
k component
T Temperature (K)
TH Top temperature of the Carnot engine (K)
TL Bottom temperature of the Carnot engine (K)
s Entropy (kJ/kg-K)
Zk̇ Capital Investment Cost Rate per component (money/h)
ηCarnot Efficiency of the Carnot engine

Fig. 1. Thermal efficiency of Carnot based engines (Carnot, Stirling and Ericcson, DATE?) as a function of the top and bottom temperatures.
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