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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The search of novel working fluids for organic Rankine cycle power systems is driven by the recent regulations imposing 
additional phase-out schedules for substances with adverse environmental characteristics. Recently, nanofluids (i.e. colloidal 
suspensions of nanoparticles in fluids) have been suggested as potential working fluids for organic Rankine cycle power systems 
due to their enhanced thermal properties, potentially giving advantages with respect to the design of the components and the 
cycle performance. Nevertheless, a number of challenges concerning the use of nanofluids must be investigated prior to their 
practical use. Among other things, the trade-off between enhanced heat transfer and increased pressure drop in heat exchangers, 
and the impact of the nanoparticles on the working fluid thermophysical properties, must be carefully analyzed. This paper is 
aimed at evaluating the prospects of using nanofluids as working fluids for organic Rankine cycle power systems. As a 
preliminary study, nanofluids consisting of a homogenous and stable mixture of different nanoparticles types and a selected 
organic fluid are simulated on a case study organic Rankine cycle unit for waste heat recovery. The impact of the nanoparticle 
type and concentration on the heat exchangers size, with respect to the reference case, is analyzed. The results indicate that the 
heat exchanger area requirements in the boiler decrease around 4 % for a nanoparticle volume concentration of 1 %, without 
significant differences among nanoparticle types. The pressure drop in the boiler increases up to 18 % for the same nanoparticle 
concentration, but this is not found to impact negatively the pump power consumption. 
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Nomenclature 

 density, kg/m3     PG propylene glycol 
  dynamic viscosity, Pa s   PHE plate heat exchanger 
k thermal conductivity, W/mK  psat saturation pressure 
ht heat transfer coefficient, Wm-2K-1  STHE shell and tube heat exchanger 
cp isobaric heat capacity, kJ/kgK   
p pressure drop    Subscripts  
EG ethylene glycol    nf nanofluid 
HTO heat transfer oil    bf base fluid 
ORC organic Rankine cycle   np nanoparticle 

1. Introduction 

The search of novel working fluids for organic Rankine cycle (ORC) power systems is driven by the recent 
regulations imposing additional phase-out schedules for substances with adverse environmental characteristics. 
Researchers have recently suggested the great potential of nanofluids as working fluids for ORCs [1] due to their 
enhanced thermal properties, potentially giving advantages with respect to the design of the components and the 
cycle performance. However, the research on the practical use of nanofluids as working fluids is at a very early 
stage, mostly based on simulations, and currently the research efforts are focused on understanding the changes 
introduced in the thermophysical properties and heat transfer characteristics of the fluid by the addition of 
nanoparticles. Saadatfar et al. [2, 3] suggested the use of a nanofluid, consisting of pentane and silver nanoparticles, 
as a working fluid for an ORC unit operating in a system of concentrated solar thermal polygeneration. The authors 
concluded that the use of the nanofluid allowed for smaller heat exchangers and increased efficiencies, compared to 
the base fluid. Other works simulate the use of nanofluids as heat transfer fluids of solar collectors or intermediate 
loops for the heat source or sink, but to the best of our knowledge, no other studies have evaluated the performance 
of nanofluids as working fluids of ORC power systems. 

Although there are a number of challenges concerning the practical use of nanofluids that need further 
investigations (e.g. nanofluid stability, migration of nanoparticles to the gas phase, performance in expanders, 
settling in heat exchangers), the level of knowledge presently available allows performing a first evaluation of the 
potential benefits that nanofluids could bring to ORC units. In this sense, a sensitivity analysis that relates the size of 
heat exchangers with the change in the working fluid heat transfer and thermophysical properties due to the addition 
of nanoparticles, can provide initial insight on the prospects of nanofluids in this field.   

This paper aims at evaluating the effects of the use of nanofluids as working fluids for ORC power systems on the 
heat exchanger’s size, the pressure drops, and the pump power consumption. For a given application case, a 
preliminary sensitivity analysis of the heat exchanger’s size is carried out for a series of base fluid and nanoparticle 
combinations. The paper presents first a brief literature review of the available publications on experimental studies 
on thermophysical properties and heat transfer of nanofluids. Next, general trends of these properties as a function of 
the volume concentration of nanoparticles are derived. Then, the calculated ranges of the properties are used as 
inputs on a Monte Carlo simulation of a case study ORC unit, and their impact on the boiler size, boiler pressure 
drop, and pump power consumption is discussed.  

2. Thermophysical properties of nanofluids 

2.1. Literature review 

The addition of nanoparticles to improve the thermophysical properties of fluids has been studied since the mid-
1990s [4], but it was only in the early 2000s the first experimental study on nanofluids heat transfer was published 
[3]. Since then, around 2000 publications on experimental studies with nanofluids have been presented, of which 
nearly 50% belong to the last 3 years.  

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.09.098&domain=pdf
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1. Introduction 

The search of novel working fluids for organic Rankine cycle (ORC) power systems is driven by the recent 
regulations imposing additional phase-out schedules for substances with adverse environmental characteristics. 
Researchers have recently suggested the great potential of nanofluids as working fluids for ORCs [1] due to their 
enhanced thermal properties, potentially giving advantages with respect to the design of the components and the 
cycle performance. However, the research on the practical use of nanofluids as working fluids is at a very early 
stage, mostly based on simulations, and currently the research efforts are focused on understanding the changes 
introduced in the thermophysical properties and heat transfer characteristics of the fluid by the addition of 
nanoparticles. Saadatfar et al. [2, 3] suggested the use of a nanofluid, consisting of pentane and silver nanoparticles, 
as a working fluid for an ORC unit operating in a system of concentrated solar thermal polygeneration. The authors 
concluded that the use of the nanofluid allowed for smaller heat exchangers and increased efficiencies, compared to 
the base fluid. Other works simulate the use of nanofluids as heat transfer fluids of solar collectors or intermediate 
loops for the heat source or sink, but to the best of our knowledge, no other studies have evaluated the performance 
of nanofluids as working fluids of ORC power systems. 

Although there are a number of challenges concerning the practical use of nanofluids that need further 
investigations (e.g. nanofluid stability, migration of nanoparticles to the gas phase, performance in expanders, 
settling in heat exchangers), the level of knowledge presently available allows performing a first evaluation of the 
potential benefits that nanofluids could bring to ORC units. In this sense, a sensitivity analysis that relates the size of 
heat exchangers with the change in the working fluid heat transfer and thermophysical properties due to the addition 
of nanoparticles, can provide initial insight on the prospects of nanofluids in this field.   

This paper aims at evaluating the effects of the use of nanofluids as working fluids for ORC power systems on the 
heat exchanger’s size, the pressure drops, and the pump power consumption. For a given application case, a 
preliminary sensitivity analysis of the heat exchanger’s size is carried out for a series of base fluid and nanoparticle 
combinations. The paper presents first a brief literature review of the available publications on experimental studies 
on thermophysical properties and heat transfer of nanofluids. Next, general trends of these properties as a function of 
the volume concentration of nanoparticles are derived. Then, the calculated ranges of the properties are used as 
inputs on a Monte Carlo simulation of a case study ORC unit, and their impact on the boiler size, boiler pressure 
drop, and pump power consumption is discussed.  

2. Thermophysical properties of nanofluids 

2.1. Literature review 

The addition of nanoparticles to improve the thermophysical properties of fluids has been studied since the mid-
1990s [4], but it was only in the early 2000s the first experimental study on nanofluids heat transfer was published 
[3]. Since then, around 2000 publications on experimental studies with nanofluids have been presented, of which 
nearly 50% belong to the last 3 years.  
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The compilation of data which is presented here, is based on an under-development database which collects 
experimental data of several thermophysical properties (density , isobaric heat capacity cp, thermal conductivity k, 
and dynamic viscosity ) for a number of nanofluids consisting of a pure fluid or binary mixture, and a single type 
of nanoparticles. Figure 1 shows the distribution of the currently available data in the database, as a function of the 
studied property (1.a), nanoparticle (1.b), and base fluid (1.c). As it can be observed, the number of studies on 
aqueous nanofluids exceeds the rest, in the same way that the most studied nanoparticles are Al2O3 and CuO, which 
could be a consequence of their lower cost. In the same way, density data are the most available in the literature, 
while thermal conductivity data are scarcer (most likely due to the ease or complexity, respectively, of their 
measuring procedure). Due to the lack of enough experimental data on vapor pressure of nanofluids, this property 
will be neglected in the following analysis.  

 

 

 

 

Fig. 1. Distribution of the available experimental data for thermophysical and heat transfer properties of nanofluids based on: a) thermophysical 
property, b) nanoparticle, c) base fluid, d) heat transfer process, and e) type of heat exchanger (d) and e) are based on a keywords search on 

Scopus).  

2.2. Prediction of nanofluids’ properties  

Several correlations have been developed during the last few years in order to predict the thermophysical 
properties of nanofluids. Linear correlations using the volume concentration and the properties of the nanoparticles 
are commonly used for density and specific heat capacity, giving satisfactory results especially at low temperatures 
and low volume concentrations. However, we have observed high relative deviations for viscosity and thermal 
conductivity, for which more complex correlations, both theoretical and empirical, have been proposed by different 
authors. These more complex correlations consider additional parameters for the prediction, such as the particle 
average diameter, the molecular weight, or the thermal diffusivity. Furthermore, it must be pointed out that some of 
the analyzed experimental data show high discrepancies with similar studies, which could indicate the presence of 
outliers in the database and should be considered carefully.  

In order to analyze, in a general way, to what extent thermophysical properties are enhanced by the addition of 
nanoparticles, a new parameter, the impact factor, was defined as F=nf/bf, where  refers to each of the 
mentioned properties, nf refers to nanofluid, and bf to base fluid. This parameter has been used by a number of 
authors to evaluate the influence of nanoparticles on the heat transfer coefficient and pressure drops [5], and for 
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consistency, we use it also here for the evaluation of the change in thermophysical properties. Figure 2 shows the 
experimental impact factor for each of the considered thermophysical properties (i.e. density, heat capacity, dynamic 
viscosity, and thermal conductivity) as a function of the nanoparticles volume ratio. Nanofluids with the same base 
fluid are represented in the same color, while the type of nanoparticles is represented with the same symbol.  

The plots of Figure 2 show that all properties but the isobaric heat capacity increase with the volume fraction of 
nanoparticles, irrespectively of the nature of particles or base fluid. However, this relative increase with respect to 
the base fluid properties shows a significant scatter, not only among nanofluids of different composition, but also 
within the same nanofluid studied in different publications. In order to obtain a simplified trend of these data, we 
calculated the 25% and 75% quartiles of the data for each interval of volume concentration. In this way, the impact 
of outliers in the database is also minimized. The trend lines of the quartiles, which were fitted by the least squares 
method, are represented in Figure 2 by dashed lines, so that it can be considered that for a certain volume 
concentration of nanoparticles, the impact factor would be between the two lines for at least 50% of the cases (no 
matter the base fluid or nanoparticle type).  

 
a) b)

c)  d)

Fig. 2. Impact factor versus volume fraction for a) density (F), b) heat capacity (Fcp), c) thermal conductivity (Fk), and d) viscosity (F). The 
dashed lines represent the trend lines of the 25% and 75% quartiles calculated for each interval of volume concentration (w/EG: water – ethylene 

glycol mixtures; w/PG: water – propylene glycol mixtures). 

1

1.1

1.2

1.3

1.4

1.5

1.6

0 5 10

F ρ
=ρ

nf
/ρ

bf

% vol

water Al2O3

water CuO

R141b Al2O3

w/EG Al2O3

w/EG Sb2O5:SnO2

w/EG ZnO

w/PG Al2O3

w/PG ZnO

w/PG CuO

w/PG TiO2

w/PG SiO2

0.5

0.6

0.7

0.8

0.9

1.0

0 5 10

F c
p=
c p

,n
f‐c

p,
bf

% vol

water CuO

water Al2O3

water TiO2

w/EG Al2O3

EG Cuo

EG Al2O3

w/PG Al2O3

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

0 2 4 6

F k
=k

nf
/k

bf

% vol

water CUO

water Ag

water Al2O3

water TiO2

R141b Al2O3

R11 Al2O3

w/EG Al2O3

EG Al2O3
1.0

1.5

2.0

2.5

3.0

3.5

0 1 2

F μ
=μ

nf
/μ

bf

% vol

water CuO

water Al2O3

water TiO2

R141b Al2O3

R11 Al2O3

w/EG Al2O3

w/EG ZnO

w/PG Al2O3



	 Maria E. Mondejar et al. / Energy Procedia 129 (2017) 160–167� 163
 Maria E. Mondejar et al./ Energy Procedia 00 (2017) 000–000   3

The compilation of data which is presented here, is based on an under-development database which collects 
experimental data of several thermophysical properties (density , isobaric heat capacity cp, thermal conductivity k, 
and dynamic viscosity ) for a number of nanofluids consisting of a pure fluid or binary mixture, and a single type 
of nanoparticles. Figure 1 shows the distribution of the currently available data in the database, as a function of the 
studied property (1.a), nanoparticle (1.b), and base fluid (1.c). As it can be observed, the number of studies on 
aqueous nanofluids exceeds the rest, in the same way that the most studied nanoparticles are Al2O3 and CuO, which 
could be a consequence of their lower cost. In the same way, density data are the most available in the literature, 
while thermal conductivity data are scarcer (most likely due to the ease or complexity, respectively, of their 
measuring procedure). Due to the lack of enough experimental data on vapor pressure of nanofluids, this property 
will be neglected in the following analysis.  

 

 

 

 

Fig. 1. Distribution of the available experimental data for thermophysical and heat transfer properties of nanofluids based on: a) thermophysical 
property, b) nanoparticle, c) base fluid, d) heat transfer process, and e) type of heat exchanger (d) and e) are based on a keywords search on 

Scopus).  

2.2. Prediction of nanofluids’ properties  

Several correlations have been developed during the last few years in order to predict the thermophysical 
properties of nanofluids. Linear correlations using the volume concentration and the properties of the nanoparticles 
are commonly used for density and specific heat capacity, giving satisfactory results especially at low temperatures 
and low volume concentrations. However, we have observed high relative deviations for viscosity and thermal 
conductivity, for which more complex correlations, both theoretical and empirical, have been proposed by different 
authors. These more complex correlations consider additional parameters for the prediction, such as the particle 
average diameter, the molecular weight, or the thermal diffusivity. Furthermore, it must be pointed out that some of 
the analyzed experimental data show high discrepancies with similar studies, which could indicate the presence of 
outliers in the database and should be considered carefully.  

In order to analyze, in a general way, to what extent thermophysical properties are enhanced by the addition of 
nanoparticles, a new parameter, the impact factor, was defined as F=nf/bf, where  refers to each of the 
mentioned properties, nf refers to nanofluid, and bf to base fluid. This parameter has been used by a number of 
authors to evaluate the influence of nanoparticles on the heat transfer coefficient and pressure drops [5], and for 

0
10
20
30
40
50
60

ρ μ cp k Psat

O
cc
ur
re
nc
es
 (%

)

a)

0

20

40

60

80

O
cc
ur
en

ce
s%

d)

0
10
20
30
40
50
60

Al
₂O

₃
Cu

O
Zn
O Ag Si
O
₂

Ti
O
₂

Sb
₂O

₅:S
nO

₂
Al
₂O

₄
CN

T

O
cc
ur
re
nc
es
 (%

)

b)

0

20

40

60

80

100

Other PHE STHE

O
cc
ur
en

ce
s %

e)

0
10
20
30
40
50
60

w
at
er

w
at
er
/P
G

w
at
er
/E
G EG

R1
41
b

PA
G

R1
1

HT
O

O
cc
ur
re
nc
es
 (%

)

c)

4 Maria E. Mondejar et al./ Energy Procedia 00 (2017) 000–000 

consistency, we use it also here for the evaluation of the change in thermophysical properties. Figure 2 shows the 
experimental impact factor for each of the considered thermophysical properties (i.e. density, heat capacity, dynamic 
viscosity, and thermal conductivity) as a function of the nanoparticles volume ratio. Nanofluids with the same base 
fluid are represented in the same color, while the type of nanoparticles is represented with the same symbol.  

The plots of Figure 2 show that all properties but the isobaric heat capacity increase with the volume fraction of 
nanoparticles, irrespectively of the nature of particles or base fluid. However, this relative increase with respect to 
the base fluid properties shows a significant scatter, not only among nanofluids of different composition, but also 
within the same nanofluid studied in different publications. In order to obtain a simplified trend of these data, we 
calculated the 25% and 75% quartiles of the data for each interval of volume concentration. In this way, the impact 
of outliers in the database is also minimized. The trend lines of the quartiles, which were fitted by the least squares 
method, are represented in Figure 2 by dashed lines, so that it can be considered that for a certain volume 
concentration of nanoparticles, the impact factor would be between the two lines for at least 50% of the cases (no 
matter the base fluid or nanoparticle type).  

 
a) b)

c)  d)

Fig. 2. Impact factor versus volume fraction for a) density (F), b) heat capacity (Fcp), c) thermal conductivity (Fk), and d) viscosity (F). The 
dashed lines represent the trend lines of the 25% and 75% quartiles calculated for each interval of volume concentration (w/EG: water – ethylene 

glycol mixtures; w/PG: water – propylene glycol mixtures). 
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3. Heat transfer of nanofluids 

3.1. Literature review 

The enhancement of heat transfer of nanofluids has been pointed out since two decades ago [6], and it has been 
explained by the intensification of the flow turbulence due to the interaction between the nanoparticles and the base 
fluid, the suppression of the thermal boundary layer, and a substantial augmentation of the surface area and the 
effective thermal conductivity of the fluid [7]. 

Figures 1.d and 1.e show the distribution of the available experimental works on heat transfer of nanofluids 
depending on the heat transfer process and the type of heat exchanger, respectively. As it can be seen, most of the 
studies are carried out in single pipes, while only a few studies use plate heat exchangers (PHE) or shell and tube 
heat exchangers (STHE). The majority of these studies refer to convective heat transfer, followed by pool boiling of 
water based nanofluids, although the study of flow boiling could have more interest in order to assess the 
performance of nanofluids in practical applications, such as refrigeration or power cycles. Moreover, it should be 
pointed out that, to the best of our knowledge, no publication on the study of heat transfer of nanofluids in 
condensation is available today. Because of this, the effect of nanofluids on the heat transfer coefficient in the 
condenser is not explicitly accounted in this work, and only the thermophysical properties enhancement will apply. 

 

 

Fig. 3. Impact factor versus volume fraction for a) heat transfer coefficient (Fht), and b) pressure drop (Fp). The dashed lines represent the trend 
lines of the 25% and 75% quartiles calculated for each interval of volume concentration. 
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experimental heat transfer coefficient (or Nusselt number) increases with the nanoparticle volume fraction and the 
Reynolds number. However, the magnitude of the enhancement depends significantly on the heat transfer process, 
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correlate their experimental data [5, 9], we have observed high deviations from experimental data, especially at high 
nanoparticle volume concentrations. Figure 3 represents the impact factors of the heat transfer coefficient (Fht) and 
pressure drop (Fp) for different volume concentrations and nanofluids. Despite the scatter of data, especially at low 
volume concentrations, a general positive trend can be obtained by calculating the 25% and 75% quartiles, as before, 
which is represented by dashed lines.  

4. Impact of nanofluids in an ORC unit operation 

Since it was observed that the developed predictive correlations are not accurate for all nanofluids, or for a wide 
temperature range, the effects of nanofluids were evaluated by imposing variations to the properties within specific 
ranges. A Monte Carlo method [10] was employed, using the already defined quartile trend lines to determine the 
maximum and minimum limits for each property range. In this way, the impact of the nanoparticles is evaluated 
through the relative variation of the boiler area, the pressure drops, and the pump power consumption with respect to 
a base case study. Such approach provides preliminary insights on the potential benefit that the use of nanofluids 
could have in ORC power systems. Future work will include the development of more accurate correlations for the 
prediction of the thermophysical properties and heat transfer of nanofluids, with the aim of evaluating more 
accurately the benefit of using them in ORC units. 

The base case study that was considered in this work was presented by Andreasen et al. [11], and consists of an 
ORC unit without regeneration used for waste heat recovery (WHR) of a water stream at 90 C, and using R32 
(difluoromethane) as working fluid. The main simulation parameters (e.g. turbine and pump efficiencies, sink 
temperature, etc…) can be found in Ref. [11]. The values of the decision variables (e.g. diameter, baffling, and 
number of tubes in the heat exchangers, pinch point in heat exchangers, evaporator pressure, superheating degree) 
were optimized for maximum net power output of the proposed case, for a fixed total cost of 800 k$ [11]. The 
simulation model used to perform this study is a modification of a previous model, presented by Andreasen et al. 
[12]. The impact of the nanoparticles on the working fluid has been accounted for in the following way: I) the 
considered thermophysical properties of the working fluid were multiplied by their corresponding impact factors, 
which were functions of the nanoparticle volume concentration; II) for the heat transfer in the boiler, the impact 
factor of the heat transfer coefficient was considered; III) while in the evaporation the heat transfer impact factor 
was considered, only the changes of the properties were considered in both the single phase heat transfer (i.e. 
preheating) and condensation (due to the lack of experimental data on the impact of nanoparticles on the latter heat 
transfer process); IV) the pressure drops in the evaporation in the boiler were affected by the defined impact factor 
for pressure drops; V) the pump efficiency is affected by the increase in viscosity of the nanofluid, according to the 
correlation proposed by Gülich [13] for viscous fluids. Other assumptions made in this work include the following: 
heat exchangers were considered of the shell and tube type (where the working fluid flows inside the tubes), and 
surfactants are not considered. It is unclear, from the available literature [14], whether nanoparticles can migrate to 
the gas phase of the working fluid, and therefore, flow through the expander. Because of this, the effect of 
nanoparticles on the expansion is not considered, and their impact is studied here only from the point of view of the 
reduction of the heat transfer area, and the increase of the pressure drops and pump power consumption (assuming 
that further modifications on the cycle configuration would be needed, possibly including a turbine by-pass of a 
nanoparticle-enriched stream). This simulation process was carried out, for the nanoparticles shown in Table 1, for a 
set of 1000 samples of input variables for the Monte Carlo method, which were generated aleatory considering a 
normal distribution of each variable.   

Table 1. Thermophysical properties of the nanoparticles studied in this work (at ambient temperature). 

Property / Nanoparticle Al2O3 CuO ZnO Ag SiO2 TiO2 SWCNT 

Density,  (kg/m3) 3950 6320 5610 10490 2650 4230 2170 

Thermal conductivity, k (W/mK) 25 33 13 407 1.4 8.4 3000 

Heat capacity, cp (kJ/kgK) 0.85 0.55 0.43 0.24 0.93 0.68 2.1 
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correlate their experimental data [5, 9], we have observed high deviations from experimental data, especially at high 
nanoparticle volume concentrations. Figure 3 represents the impact factors of the heat transfer coefficient (Fht) and 
pressure drop (Fp) for different volume concentrations and nanofluids. Despite the scatter of data, especially at low 
volume concentrations, a general positive trend can be obtained by calculating the 25% and 75% quartiles, as before, 
which is represented by dashed lines.  

4. Impact of nanofluids in an ORC unit operation 

Since it was observed that the developed predictive correlations are not accurate for all nanofluids, or for a wide 
temperature range, the effects of nanofluids were evaluated by imposing variations to the properties within specific 
ranges. A Monte Carlo method [10] was employed, using the already defined quartile trend lines to determine the 
maximum and minimum limits for each property range. In this way, the impact of the nanoparticles is evaluated 
through the relative variation of the boiler area, the pressure drops, and the pump power consumption with respect to 
a base case study. Such approach provides preliminary insights on the potential benefit that the use of nanofluids 
could have in ORC power systems. Future work will include the development of more accurate correlations for the 
prediction of the thermophysical properties and heat transfer of nanofluids, with the aim of evaluating more 
accurately the benefit of using them in ORC units. 

The base case study that was considered in this work was presented by Andreasen et al. [11], and consists of an 
ORC unit without regeneration used for waste heat recovery (WHR) of a water stream at 90 C, and using R32 
(difluoromethane) as working fluid. The main simulation parameters (e.g. turbine and pump efficiencies, sink 
temperature, etc…) can be found in Ref. [11]. The values of the decision variables (e.g. diameter, baffling, and 
number of tubes in the heat exchangers, pinch point in heat exchangers, evaporator pressure, superheating degree) 
were optimized for maximum net power output of the proposed case, for a fixed total cost of 800 k$ [11]. The 
simulation model used to perform this study is a modification of a previous model, presented by Andreasen et al. 
[12]. The impact of the nanoparticles on the working fluid has been accounted for in the following way: I) the 
considered thermophysical properties of the working fluid were multiplied by their corresponding impact factors, 
which were functions of the nanoparticle volume concentration; II) for the heat transfer in the boiler, the impact 
factor of the heat transfer coefficient was considered; III) while in the evaporation the heat transfer impact factor 
was considered, only the changes of the properties were considered in both the single phase heat transfer (i.e. 
preheating) and condensation (due to the lack of experimental data on the impact of nanoparticles on the latter heat 
transfer process); IV) the pressure drops in the evaporation in the boiler were affected by the defined impact factor 
for pressure drops; V) the pump efficiency is affected by the increase in viscosity of the nanofluid, according to the 
correlation proposed by Gülich [13] for viscous fluids. Other assumptions made in this work include the following: 
heat exchangers were considered of the shell and tube type (where the working fluid flows inside the tubes), and 
surfactants are not considered. It is unclear, from the available literature [14], whether nanoparticles can migrate to 
the gas phase of the working fluid, and therefore, flow through the expander. Because of this, the effect of 
nanoparticles on the expansion is not considered, and their impact is studied here only from the point of view of the 
reduction of the heat transfer area, and the increase of the pressure drops and pump power consumption (assuming 
that further modifications on the cycle configuration would be needed, possibly including a turbine by-pass of a 
nanoparticle-enriched stream). This simulation process was carried out, for the nanoparticles shown in Table 1, for a 
set of 1000 samples of input variables for the Monte Carlo method, which were generated aleatory considering a 
normal distribution of each variable.   
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The simulation results were analyzed in terms of the variation of the boiler heat exchanger area and pressure 
drop, and the pump power consumption, in relation to those of the reference case. Due to the fact that no explicit 
heat transfer enhancement was considered in the condenser, the change in the condenser size was negligible, and is, 
therefore, not presented here. Figures 4.a, 4.b and 4.c depict the relative change of the boiler heat transfer area, the 
pump power consumption, and the pressure drop in the boiler as a function of the nanoparticle volume 
concentration, for the nanoparticle types given in Table 1. The error bars represent the standard deviation of the 
property obtained from the Monte Carlo simulation (considering that the output variable follows a normal 
distribution).  

The results indicate that the boiler area decreases with the volume concentration, while the pressure drops in the 
boiler increase significantly. The pump power consumption does not increase significantly, and it remains within the 
bar of uncertainty, so it can be concluded that, based on the correlation by Gülich, the nanoparticle impact on the 
pump performance will not be important. The increase in pressure drops is expected and follows the notable increase 
of the fluid viscosity with the addition of nanoparticles. The decrease in the required boiler area results from the 
increase of the overall heat transfer coefficient, which reduces the amount of heat exchange area needed for the 
same heat transfer rate.  

 

  
Fig. 4. Relative change of a) the boiler area, b) the pump power consumption, and c) the boiler pressure drop. d) Relative variation of the boiler 

area corresponding to an individual variation of each of the properties considered in the model of 10%. 

Based on the depicted mean values, the reduction of the boiler area could be as high as 4 % for a nanoparticle 
volume concentration of 1 %, which suggests that the use of nanofluids could benefit the ORC unit by reducing the 
heat exchanger size. The relative differences among the different nanoparticles are very small. Moreover, the 
reduction of boiler area could be questionable for volume concentrations of nanoparticles of less than 0.5 %. 
However, a number of aspects must be also considered in this analysis. As mentioned in section 3.2., the single 
phase heat transfer was accounted for by using the standard heat transfer correlations with the nanofluid 
thermophysical properties. We have observed that with this approach, the heat transfer coefficient in the single 
phase both increases and decreases during our simulations, due to the aleatory variation of the properties. This can 
have a negative impact in the total boiler area reduction. Since the available literature on single phase heat transfer 
of nanofluids suggests a general enhancement of the heat transfer coefficient, there could be a higher potential for 
boiler area reduction than that shown in Figure 4.a. Moreover, a comparable comment could be applied to the 
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condenser, where a potentially beneficial effect of the nanofluid in the heat transfer coefficient could have been 
disregarded as well in this study.  

As a final remark, Figure 4.d. presents the relative variation of the boiler area corresponding to an individual 
10% variation for each of the properties considered in the model. This figure intends to show the sensitivity of the 
boiler heat exchange area to each property, although it should be considered that both the heat transfer coefficient 
and the pressure drop are, in turn, functions of the rest of the properties. As it can be seen, the two phase heat 
transfer coefficient and the density have the highest impact, which seems obvious since the dominating heat transfer 
process in the boiler has been influenced by the nanoparticles’ impact factor. However, the sensitivity of the area to 
the thermal conductivity and heat capacity indicates that a more detailed consideration of the influence of 
nanoparticles in the single phase heat transfer processes could further improve the expected boiler area reduction.  

5. Conclusions 

This work presented a preliminary evaluation of the potential benefit of the use of nanofluids as working fluids 
for ORC power systems. The effects of adding nanoparticles to the working fluid on heat exchanger area 
requirement, pressure drop, and pump power consumption were evaluated using a Monte Carlo approach. The 
results suggest that the heat exchanger area requirements decrease. The relative reduction in heat exchanger area is 
around 4 % for a nanoparticle volume concentration of 1 %. The increase in pressure drop for the same 
concentration of nanoparticles can be expected to be around 18 %, but no negative impact on the pump power 
consumption is appreciated.  

Acknowledgements 

This project has received funding from the European Union’s Horizon 2020 research and innovation programme 
with a Marie Skłodowska-Curie Fellowship under grant agreement No 704201 (project NanoORC), and 
Innovationsfonden with the THERMCYC project (www.thermcyc.mek.dtu.dk, project ID: 1305-00036B). The 
financial support is gratefully acknowledged. M. Regidor and S. Riva acknowledge the Erasmus+ program, which 
provided financial support for their internships at DTU.  

 
References 

[1] P. Colonna, E. Casati, C. Trapp, T. Mathijssen, J. Larjola, T. Turunen-Saaresti, and A. Uusitalo, “Organic Rankine Cycle Power 
Systems: from the Concept to Current Technology, Applications and an Outlook to the Future,” J. Eng. Gas Turbines Power, vol. 137, 
no. October, pp. 1–19, 2015. 

[2] B. Saadatfar, R. Fakhrai, and T. Fransson, “Conceptual modeling of nano fluid ORC for solar thermal polygeneration,” Energy 
Procedia, vol. 57, pp. 2696–2705, 2014. 

[3] B. Saadatfar, R. Fakhrai, and T. Fransson, “Exergo-environmental analysis of nano fluid ORC low-grade waste heat recovery for 
hybrid trigeneration system,” Energy Procedia, vol. 61, pp. 1879–1882, 2014. 

[4] S. U. S. Choi and J. A. Eastman, “Enhancing thermal conductivity of fluids with nanoparticles,” ASME Int. Mech. Eng. Congr. Expo., 
vol. 66, pp. 99–105, 1995. 

[5] S. Y. Zhang, Z. Ge, H. T. Wang, and H. Wang, “Characteristics of Flow Boiling Heat Transfer and Pressure Drop of MWCNT–R123 
Nanorefrigerant: Experimental Investigations and Correlations,” Nanoscale Microscale Thermophys. Eng., vol. 20, no. 2, pp. 96–120, 
2016. 

[6] S. K. Das, S. U. s. Choi, W. Yu, and T. Pradeep, Nanofluids: Science and Technology. Wiley-Interscience, 2008. 
[7] Y. Xuan and Q. Li, “Heat transfer enhancement of nanofluids,” Int. J. heat fluid flow, vol. 21, no. 1, pp. 58–64, 2000. 
[8] Y. Xuan and W. Roetzel, “Conceptions for heat transfer correlation of nanofluids,” vol. 43, pp. 3701–3707, 2000. 
[9] H. Peng, G. Ding, W. Jiang, H. Hu, and Y. Gao, “Heat transfer characteristics of refrigerant-based nanofluid flow boiling inside a 

horizontal smooth tube,” Int. J. Refrig., vol. 32, no. 6, pp. 1259–1270, 2009. 
[10] D. P. Kroese, T. Thomas, and B. Z. I., Handbook of Monte Carlo Methods. 2011. 
[11] J. G. Andreasen, L. Pierobon, U. Larsen, F. Haglind, and C. Author, “Multi-Objective Optimization of Organic Rankine Cycle Power 

Plants Using Pure and Mixed Working Fluids,” Proc. 3rd Int. Semin. ORC Power Syst., pp. 1–11, 2015. 
[12] J. G. Andreasen, U. Larsen, T. Knudsen, L. Pierobon, and F. Haglind, “Selection and optimization of pure and mixed working fluids for 

low grade heat utilization using organic Rankine cycles,” Energy, vol. 73, pp. 204–213, Aug. 2014. 
[13] J. F. Gülich, Centrifugal pumps. Springer, 2010. 
[14] Eggers, Jan Rudolf and Lange, Eckart Matthias and Kabelac, Stephan, “Particle migration in isobaric and flash evaporation of 

nanofluids”, Forschung im Ingenieurwesen, vol. 80, no. 3-4, pp. 101-109, 2016.



	 Maria E. Mondejar et al. / Energy Procedia 129 (2017) 160–167� 167
 Maria E. Mondejar et al./ Energy Procedia 00 (2017) 000–000   7

The simulation results were analyzed in terms of the variation of the boiler heat exchanger area and pressure 
drop, and the pump power consumption, in relation to those of the reference case. Due to the fact that no explicit 
heat transfer enhancement was considered in the condenser, the change in the condenser size was negligible, and is, 
therefore, not presented here. Figures 4.a, 4.b and 4.c depict the relative change of the boiler heat transfer area, the 
pump power consumption, and the pressure drop in the boiler as a function of the nanoparticle volume 
concentration, for the nanoparticle types given in Table 1. The error bars represent the standard deviation of the 
property obtained from the Monte Carlo simulation (considering that the output variable follows a normal 
distribution).  

The results indicate that the boiler area decreases with the volume concentration, while the pressure drops in the 
boiler increase significantly. The pump power consumption does not increase significantly, and it remains within the 
bar of uncertainty, so it can be concluded that, based on the correlation by Gülich, the nanoparticle impact on the 
pump performance will not be important. The increase in pressure drops is expected and follows the notable increase 
of the fluid viscosity with the addition of nanoparticles. The decrease in the required boiler area results from the 
increase of the overall heat transfer coefficient, which reduces the amount of heat exchange area needed for the 
same heat transfer rate.  

 

  
Fig. 4. Relative change of a) the boiler area, b) the pump power consumption, and c) the boiler pressure drop. d) Relative variation of the boiler 

area corresponding to an individual variation of each of the properties considered in the model of 10%. 

Based on the depicted mean values, the reduction of the boiler area could be as high as 4 % for a nanoparticle 
volume concentration of 1 %, which suggests that the use of nanofluids could benefit the ORC unit by reducing the 
heat exchanger size. The relative differences among the different nanoparticles are very small. Moreover, the 
reduction of boiler area could be questionable for volume concentrations of nanoparticles of less than 0.5 %. 
However, a number of aspects must be also considered in this analysis. As mentioned in section 3.2., the single 
phase heat transfer was accounted for by using the standard heat transfer correlations with the nanofluid 
thermophysical properties. We have observed that with this approach, the heat transfer coefficient in the single 
phase both increases and decreases during our simulations, due to the aleatory variation of the properties. This can 
have a negative impact in the total boiler area reduction. Since the available literature on single phase heat transfer 
of nanofluids suggests a general enhancement of the heat transfer coefficient, there could be a higher potential for 
boiler area reduction than that shown in Figure 4.a. Moreover, a comparable comment could be applied to the 

a)  b)

c)  d)
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condenser, where a potentially beneficial effect of the nanofluid in the heat transfer coefficient could have been 
disregarded as well in this study.  

As a final remark, Figure 4.d. presents the relative variation of the boiler area corresponding to an individual 
10% variation for each of the properties considered in the model. This figure intends to show the sensitivity of the 
boiler heat exchange area to each property, although it should be considered that both the heat transfer coefficient 
and the pressure drop are, in turn, functions of the rest of the properties. As it can be seen, the two phase heat 
transfer coefficient and the density have the highest impact, which seems obvious since the dominating heat transfer 
process in the boiler has been influenced by the nanoparticles’ impact factor. However, the sensitivity of the area to 
the thermal conductivity and heat capacity indicates that a more detailed consideration of the influence of 
nanoparticles in the single phase heat transfer processes could further improve the expected boiler area reduction.  

5. Conclusions 

This work presented a preliminary evaluation of the potential benefit of the use of nanofluids as working fluids 
for ORC power systems. The effects of adding nanoparticles to the working fluid on heat exchanger area 
requirement, pressure drop, and pump power consumption were evaluated using a Monte Carlo approach. The 
results suggest that the heat exchanger area requirements decrease. The relative reduction in heat exchanger area is 
around 4 % for a nanoparticle volume concentration of 1 %. The increase in pressure drop for the same 
concentration of nanoparticles can be expected to be around 18 %, but no negative impact on the pump power 
consumption is appreciated.  
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