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ABSTRACT  
 
Due to the constant concerns regarding the environment, the industries have 
developed process analysis and optimization techniques in order to mitigate 
environmental impacts. Among the several methodologies applied, eco-efficiency 
stands out as a convenient tool for predicting ecological effects resulting from 
industrial processes and thus, has increasingly received attention by the 
industries. In this context, this work aimed to evaluate, by taking into 
consideration a water-ethanol separation process as a case study, the relevance of 
eco-efficiency in estimating its resulting ecological impacts. The study was carried 
out with the aid of a computational simulation and by quantifying the energy 
consumption, CO2 emissions and water consumption eco-indicators of the said 
process. The results showed that for 1 ton of ethanol produced, 7.3 GJ of energy is 
used, 0.4 tonnes of CO2 is emitted and 2.4 m3 of water is consumed, which 
demonstrates the usefulness of eco-indicators in predicting the environmental 
impacts of industrial processes, particularly, during the planning and design 
phase. 
 
Keywords: CO2 emissions, eco-efficiency, energy consumption, process 
simulation, water consumption.  
 
Abbreviations: Cw: Cooling Water; EPA: US Environmental Protection Agency; 
ESCAP: Economic and Social Commission for Asia and the Pacific; hps: High 
Pressure Steam; IPCC: Intergovernmental Panel on Climate Change; LLE: Liquid-
Liquid Equilibrium; LLVE: Liquid-Liquid-Vapor Equilibrium; lps: Low Pressure 
Steam; LVE: Liquid-Vapor Equilibrium; MCTIC: Ministério da Ciência, Tecnologia, 
Inovações e Comunicações; UNCTAD: United Nations Conference on Trade and 
Development; UNIQUAC: Universal QuasiChemical; USGS: United States Geological 
Service; WHO: World Healt Organization. 

 
 
INTRODUCTION 
 
The environmental impacts generated by economic 
activities currently correspond to one of the most recurring 
subjects. Global warming, excessive use of raw-materials 
and inefficient water consumption management (among 
other factors) are some examples to be highlighted. 
Nevertheless, in spite of the concerns related to such 
impacts, the world has notoriously taken steps towards an 
alarming situation, especially in relation to greenhouse 
gases emissions and the so-called “water crisis”. 

Adams (2013) stated that, despite the investments in 
renewable sources for energy generation, the global CO2 
emissions increased by approximately 500% (9.74 million 
tons) from 1950 to 2012. Moreover, regarding the “water 
crisis”, the WHO (2005) indicated that more than one 
billion people lack access to such resource. 

In this context, the industries have developed techniques 
for optimizing their processes and services, as well as, 
methods    for     evaluating   and   predicting  environmental  
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impacts. Among the several evaluation techniques currently 
employed, the concept of eco-efficiency must be pointed 
out. Eco-efficiency, usually evaluated through the so-called 
“eco-indicators” is mainly used for assisting in decision-
making procedures, that is, in selecting the most 
ecologically efficient process or technology. An eco-
indicator, in turn, corresponds to a metric tool represented 
by the ratio of an environmental variable to an economic 
variable (ESCAP, 2009). 

In order to evaluate the relevance of eco-efficiency as a 
tool for predicting ecological impacts resulting from 
industrial processes, the energy consumption, CO2 
emissions and water consumption of a water-ethanol 
separation process were determined by quantifying its 
respective eco-indicators with the aid of computational 
simulation. 
 
 

LITERATURE REVIEW 
 

Water-ethanol mixture 
 

Water is a colorless, odorless, tasteless liquid, whose 
chemical formula is H2O and covers approximately 70% of 
the Earth’s surface, as well as, composes about 70% of the 
human body, thus, being essential to life on planet. Water 
has a molecular weight of 18.015 g/mol and boils at 
99.974°C at atmospheric pressure (Haynes, 2014). Such 
substance is a “universal solvent, since it is able to dissolve 
more substances than any other existing liquid (USGS, 
2016). According to EPA (2016), in relation to the industry, 
water is mainly used as solvent for adjusting viscosity of 
fluids and as thermal utility (refrigeration and/or heating). 
In commercial terms, water stands out when it comes to 
general applications such as cleaning products, paints and 
varnishes and cosmetics, among other examples.  

Ethanol (also known as ethyl alcohol), in turn, is a 
colorless, flammable, water-miscible highly volatile liquid 
whose chemical formula is CH3CH2OH. Ethanol has a 
molecular weight of 46.069 g/mol and boils at 78.29ºC at 
atmospheric pressure (Haynes, 2011). In the industry, such 
substance is mainly used as fuel, paint additives, cosmetics 
and beverages, among other applications. Nowadays, 
ethanol has gained more attention for representing a 
renewable fuel resource (EPA, 2016). 

When mixed, water and ethanol form an azeotrope, that 
is, a mixture that presents a constant boiling point at a 
certain composition, thus, behaving as a pure substance. 
Furthermore, such mixture boils at a temperature lower 
than the pure components (minimum boiling azeotrope), 
thus, representing a challenging task in terms of 
purification (Atkins, 2008). 
 
 

Eco-efficiency and eco-indicators 
 
The concepts of eco-indicators were used in this work in 
order to demonstrate the usefulness of eco-efficiency as a  

 
 
 

tool for predicting environmental impacts resulting from 
industrial processes. In this regard, a water-ethanol 
separation plant as proposed by Luyben (2009) was taken 
as a case study since it corresponds to a recurring challenge 
for the chemical industry and whose process parameters 
are readily available. 

According to UNCTAD (2004), eco-indicators are metric 
tools that evaluate the ecological efficiency of a certain 
economic activity by analyzing its demand, production rate 
and environmental impacts. Therefore, such evaluation 
technique has been shown to be a conveniently useful tool 
for estimating ecological effects from industrial processes. 
In fact, eco-indicators have been more and more used in the 
evaluation of the sustainable performance of several 
industrial processes, especially when it comes to the design 
phase.  

Several eco-indicators are utilized for determining the 
utilities consumption (for example, energy, water and 
steam, etc) and greenhouse gases emissions (for example, 
CH4, NOx and CO2) with basis on the ratio of the product 
value (production rate or net income) and the 
environmental burdens (ESCAP, 2009). In this regard, 
taking the energy consumption, CO2 emissions and water 
consumption into consideration, the eco-indicators 
calculated in this paper can be defined as follows: 
 
- Energy consumption eco-indicator : Ratio of the energy 
used in a certain period to the total equivalent production 
rate (unit GJ/t); 
- CO2 emissions eco-indicator : Ratio of the CO2 emitted in a 
certain period to the total equivalent production rate (unit 
tCO2/t); 
- Water consumption eco-indicator : Ratio of the water 
consumed in a certain period to the total equivalent 
production rate (unit m3H2O/t).  
 
For evaluation purposes, the lower the eco-indicator the 
most eco-efficient the process. 
 
 
Computational simulation 
 

Due to the technological breakthrough of the last decades, 
faster and more powerful computers have been developed, 
which have been more and more used by the industry, 
especially when it comes to process modelling and 
optimization (Ramirez, 1997). In fact, computational 
simulation has become a main pillar for process 
engineering, which may be explained by the reduction of 
time and costs associated to the evaluation of process’ 
parameters and conditions. 

Computational simulation has also been increasingly 
applied to the development of descriptive models for 
several fields such as, for instance, environmental 
engineering (Ramirez, 1997). Some examples of 
applications to be pointed out are the estimation of the 
utilities   consumption   such  as  energy and water (Su et al.,  
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Table 1: Conversion factor for indirect CO2 emissions. 
 

Conversion data Factor Reference 

Electricity to CO2 0.0227 tCO2/GJ* MCTIC (2017) 

Energy to CO2 (natural gas basis) 0.0561 tCO2/GJ IPCC (2006) 
 

* The factor of 0.0227 tCO2/GJ corresponds to the annual average of CO2 emissions related to 
electricity generation in Brazil in 2016 (most recent), according to the MCTIC (2017). 

 
 
2013), liquid and/or solid waste generation (Chen et al., 
2012) and atmospheric emissions (Park and Behera, 2014). 
In this regard, considering that the results obtained from 
the simulation of a certain process may also include 
economic variables (for example, production rate or net 
income), it is possible to establish metric tools (eco-
indicators) that correlate both the economic and ecological 
performances. 
 
 

METHODOLOGY 
 

Process simulation 
 

The water-ethanol separation plant studied in this paper 
was simulated in Honeywell’s UniSim® Design Suite R390.1 
software (2010). The simulation was performed in a Laptop 
Intel® Core™ i7 at 2.0 GHz with 8 GB RAM and 1TB hard 
drive, in Windows 8.1 operational system. 

It should be highlighted that the same data provided by 
Luyben (2009) for the process under evaluation were 
specified in the software, thus, enabling the acquisition of 
consistent results. Thus, the feed conditions (flow rates, 
compositions, temperatures and pressures), independent 
variables (size and efficiency of the equipment), operating 
conditions (heat exchanges, head losses and flow regime, 
etc) and the thermodynamic model were specified. Hence, 
the simulation could provide the dependent variables such 
as flow rates from each equipment as well as, their 
conditions (that is, compositions, temperatures and 
pressures). 
 
 

Energy consumption eco-indicator 
 

The energy consumption eco-indicator is calculated by 
simply adding up the process’s total energy demand and 
then dividing the result by its total production rate.  
 
 

CO2 emissions eco-indicator 
 

The CO2 emissions eco-indicator, in turn, is determined by 
taking the energy demand of each equipment into account, 
while the amount of CO2 emitted is calculated according to 
the IPCC (2006)’s guidelines: 
 

1) Combustion emissions: Due to the burning of fuels 

heating or generating steam; 
2) Indirect emissions: Associated with external 
steam/energy sources; 
3) Fugitive emissions: Related to small leaks (valves and 
flanges, etc), transport vehicles and especially burning off 
gases in the flare. 
 
In the case of this process, since no flare streams are 
present and the emissions resulting from leaks and 
transportation are deemed negligible when compared to 
other sources, only the combustion and indirect emissions 
were taken into consideration. Table 1 shows the 
conversion factors used in the calculations.  

The CO2 emissions eco-indicator, as well as, the energy 
consumption eco-indicator were determined by 
considering that: 
 
- Pumps operate with electricity and 75% efficiency 
(UniSim® standard); 
- The reboiler operates with high pressure steam generated 
by the combustion of natural gas in the boiler of a utility 
plant (not shown), which operates with 80% efficiency (U.S. 
Department of Energy, 2003). 
 
 
Water consumption eco-indicator 
 
Similar to the energy consumption eco-indicator, the water 
consumption eco-indicator is calculated by adding up the 
process’s total water demand (cooling and heating) and 
then dividing the result by its total production rate.  
 
 
Water-ethanol separation plant 
 
The water-ethanol separation process studied in this paper 
was based on the plant presented by Luyben (2009) (Figure 
1). In the simulation, illustrated in Figure 2, the UNIQUAC 
(UNIversal QUAsi-Chemical) thermodynamic model was 
used, since it is recommended for determining the activity 
coefficients for liquids, generally in non-ideal systems, for 
LVE (liquid-vapor equilibrium), LLE (liquid-liquid 
equilibrium) and LLVE (liquid-liquid-vapor equilibrium) 
applications (Honeywell, 2010). 

In the process, a feed stream containing water and 
ethanol is fed to a distillation column (C1), from which 
water   is   retrieved   as   bottom  product and ethanol (with  
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Figure 1: Water-ethanol separation plant (adapted from Luyben, 2009). 

 
 

 
 

Figure 2: Water-ethanol separation plant simulated in UniSim®. 

 
 
traces of water) leaves the system as distillate at the top. 
The traces of water present in the distillate are removed by 
degrees in a series of membrane separators (V1 to V5) and 
recycled to the column. Detailed description of this process, 
as well as, the specifications of each stream and equipment 
is provided by Luyben (2009). 

Since Luyben (2009) did not provide information on the 
utilities, it was considered that the heaters H1, H2 and H3 
operate with low pressure steam (lps), while column C1’s 
reboiler operates with high pressure steam (hps). Column 
C1’s condenser and cooler E1, in turn, were considered to 
operate with cooling water (cw). Said utilities were used in 

accordance with the guidelines established by Seider et al. 
(2008) and Turton et al. (2012). 
 
 
RESULTS 
 
Process simulation 
 
Table 2 shows the results obtained for the main process 
streams. The production rate of the process corresponds to 
the mass flow rate of stream “Ethanol”, which results in a 
value  of   2.24 ton/h  (UniSim® conversion for a molar flow 
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Table 2: Simulation results. 
 

Stream Temperature (K) Pressure (atm) Flow rate (kmol/h) 

 

Molar composition 

Ethanol Water 

Feed 320 1.10 700.00 0.070 0.930 

Recycle 321 1.10 8.77 0.039 0.961 

Water 381 1.10 652.10 0.001 0.999 

Ethanol 363 5.58 48.80 0.995 0.005 

 
 

Table 3: Energy and CO2 emissions sources results. 
 

Source Emission type Energy (GJ/h) Efficiency*(%) tCO2/h emitted 

Pump (P1) Indirect 0.003 75 0.0001 

Pump (P2) Indirect 0.007 75 0.0002 

Heater (H1) Combustion 0.184 80 0.0129 

Heater (H2) Combustion 0.148 80 0.0104 

Heater (H3) Combustion 0.079 80 0.0055 

Reboiler Combustion 12.672 80 0.8886 

Total 
 

16.364  0.9177 

Production rate (t/h)  2.240  2.2400 

Energy eco-indicator (GJ/t)  7.305   

CO2 eco-indicator (tCO2/t)    0.4097 
 

* The energy of the pumps was automatically calculated by the software considering their efficiencies. However, for the other equipment, 
the values of their energies were divided by the efficiency of the boiler (80%) in a utility plant (not shown). 

 
 
rate of 48.80 kmol/h). 
 
 
Energy consumption and CO2 emissions eco-indicators 
 
Table 3 presents the results obtained for each energy 
source involved in the process, as well as, the description of 
each source. From the data provided, one can note that the 
water-ethanol separation process consumes approximately 
7.3 GJ energy and emits 0.4 tons carbon dioxide per ton of 
product formed. 
 
 
Water consumption eco-indicator 
 
The amount of water required in the condenser and cooler 
E1 was calculated through their respective energy values 
(Qc and QE1, respectively, as illustrated in Figure 2) 
provided by UniSim®. Such values were used in the 
simulation of hypothetical heaters. 

Taking cooler E1 as an example, a pure water stream A1, 
at 30ºC and 516 kPa (according to heuristics) provided by 
Turton et al. (2012) and Seider et al. (2008) was connected  
to a hypothetical heater E1* (Figure 3). E1* corresponds to 
the cooler E1, since it acts as a heater in relation to the 
cooling water. Subsequently, an energy stream QE1* of 
0.3924 GJ/h (the same value of energy QE1 illustrated in 
Figure 2) was attached to E1*. Finally, a water outlet A2, at 

45ºC and 496 kPa (according to heuristics provided by 
Turton et al. (2012) and Seider et al. (2008)) was connected 
to E1* (Figure 3). A circulating water flow rate of 6.21 m3/h 
was obtained for cooler E1. The same procedure was 
carried out for the condenser (Table 4). 

For the heating steam a similar procedure was 
performed, thus, being necessary to simulate hypothetical 
coolers. However, the inlet and outlet temperatures and 
pressures were specified according to the type of steam 
(low or high pressure). 

Seider et al. (2008) stated that, for low pressure steam 
(lps), the temperature may vary from 121 to 131°C, while 
the pressure varies from 210 to 310 kPa, respectively. For 
high pressure steam (hps), the temperature may vary from 
231 to 254°C, while the pressure varies from 2860 to 4238 
kPa, respectively. Moreover, Turton et al. (2012) indicated 
that, in order to utilize steam as energy source, the 
following assumptions must be made: 
 
- For a particular outlet temperature of the process fluid, 
the highest values for the steam’s temperature and 
pressure must be used; 
- Only latent heat should be considered. Therefore, steam 
enters the equipment and saturated liquid leaves it at the 
temperature used; 
- Head loss is negligible. 
 
Hence,   taking    heater   H1  as  an example, steam enters at 
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Figure 3: Simulation for determining the water flow rate required in cooler E1. 

 
 

Table 4: Water required in the cooler and condenser. 
 

Source Circulating water flow rate (m3H2O/h) 

cw (E1) 6.21 

cw (condenser) 147.90 

Total 154.11 

 
 

Table 5: Steam required in the heaters and reboiler. 
 

Source Circulating steam flow rate (m3H2O/h) 

lps (H1) 0.107 

lps (H2) 0.086 

lps (H3) 0.046 

hps (reboiler) 7.431 

Total 7.670 

 
 
131ºC and 310 kPa, while the saturated liquid leaves at 
130.8ºC at the same pressure. The same procedure was 
carried out for the other heaters and reboiler (Table 5). 

The water consumption eco-indicator is then calculated 
by considering only the water losses in the utility plant (not 
shown). Therefore, assuming that 3% of the water is lost in 
the cooling tower and in the process (Seider et al., 2008), 
while 10% of the steam is lost in the boiler (Turton et al., 
2012) and the eco-indicator is determined (Table 6). 

From the aforementioned results, it can be verified that 
the process studied consumes approximately 2.4 m3 water 
per ton of product formed. 
 
 
Conclusion 
 
By simulating the water-ethanol separation plant presented 
by Luyben (2009), it was possible to obtain the data 

required to calculate the energy consumption, CO2 
emissions and water consumption eco-indicators. 
Therefore, the process’ environmental impacts could be 
estimated, thus demonstrating the usefulness of eco-
efficiency as a tool for predicting the ecological effects of 
industrial processes. In fact, it was determined that the 
water-ethanol separation plant studied consumes 
approximately 7.3 GJ energy, emits about 0.4 tons CO2 and 
consumes approximately 2.4 m3 water per ton of product 
formed (ethanol). 

In light of the results, it is possible to develop future 
studies based on the calculated eco-indicators in order to 
apply optimization techniques for reducing the respective 
environmental impacts such as, for instance, thermal 
integration. It is also possible to develop other eco-
indicators for the process studied so that a more detailed 
evaluation is assembled, as well as, compare this 
technology to other plants available in the literature. 
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Table 6: Water consumption eco-indicator. 
 

Utility Circulating flow rate (m3/h) Losses (%) Consumption (m3/h) 

Water 154.11 3 4.623 

Vapor 7.67 10 0.767 

Total   5.390 

Production rate (t/h)   2.240 

Water eco-indicator (m3H2O/t)  2.406 
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