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Abstract
In industry, energy efficiency reduces system cost and emissions to the environment. Energy
audits are carried out in industry to identify measures that would increase energy efficiency.
However, the usual case is that low-cost measures are implemented while capital intensive
measures receive less attention possibly due to, example, inadequate information available to
study risks involved.
Decisions support tools have been identified as a means of supporting complex production
related investment decision. The aim of this paper is to investigate profitability and potential
global CO2 emission reduction of energy conversion investments in a small energy intensive
industry by using an optimisation method as a decision support tool.
The investments are evaluated using consistent future energy market scenarios with
interdependent parameters. An optimisation model is developed with reMIND optimisation tool
which is used to optimise the system cost of each scenario. The reduction in system cost and
global CO2 emissions of the new investments and results from sensitivity analysis are evaluated
to determine the optimal investment solution.
In the report, it is established that optimisation methods provide a structured means of studying
the risk involved in capital intensive investments. The optimisation results show that investment
in a small-scale steam turbine combined heat and power production is a profitable and robust
investment. The net reduction of global CO2 emission is substantial compared with the reference
system. Furthermore, it is shown that biofuel policies alone may not make cost intensive biofuel
investments attractive, further reduction in investment cost is required.
The energy savings and global CO2 emission reductions achieved in this study can play an
important role in achieving the aims of the European Union to reduce greenhouse gas emissions
by 20% and save 20 % of energy by the year 2020.
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Introduction

Industrial energy efficiency is a means of reducing the threat of increased global warming
(IPCC, Metz, Davidson, Bosch, Dave, & Meyer, 2007). Energy efficiency in industry can
increase the security of supply and lead to increased productivity for the industry (Worrell,
Laitner, Ruth, & Finman, 2003).
Energy audits are cited as one of the largely used means of promoting energy efficiency among
European small and medium scale (SME) industries (Bertoldi, 2001). In spite of the profitability
of many of the suggested measures from energy audits, several research studies have shown that
only few of these measures which are usually low-cost measures related to support processes are
implemented. Companies may not be willing to take the risk associated with making high-cost
investment decisions when they have inadequate background information about the outcomes of
the investments (Svensson, Berntsson, Stömberg, & Patriksson, 2009).
The situation described emphasises the importance of additional methods in combination with
energy audits if one is to reach a decent energy efficiency level (Thollander, Rohdin, & Danestig,
2007). Energy audits in combination with investment decision support may be an important
means to further enhance the undertaking of measures, leading to reduced energy costs, greater
competitiveness and higher productivity (Thollander, 2008). Optimization methods and in
particular the MIND method have been cited as useful investment decision support tools for
strategic investment decisions in large Swedish energy-intensive industries (Karlsson, 2002).
Other research found that optimization may be also used successfully by Swedish energyintensive industrial SMEs when complex production-related investment decisions are to be made
(Thollander, Mardan, & Karlsson, 2009). The optimization methods have been shown to add
more information about investments (Sandberg, 2003).
The energy use among European SMEs, among other factors, varies with type of production,
location of the plant, and the efficiency of the energy system. One part of the energy system
where the potential for energy efficiency has been shown to be large is in the heating systems
(Thollander, Rohdin, & Danestig, 2007). As regards the heating system, many European
industries are heating plants with steam, partly because some parts of the production process
demand steam. While steam is an easy means of supplying industry with heat, it does also have
its limitations. Switching the heating system from steam supply to hot water supply is one means
of promoting energy efficiency in industrial SMEs. Making such a shift also enables a smallscale turbine with electricity generator to be adopted before the condenser enabling a small-scale
industrial combined heat and power plant (CHP).
While the potential for electricity production may be stated to be fairly small on one plant,
adding up the numerous SMEs in a nation or example, the EU, the aggregated potential for
small-scale electricity production should not be underestimated. When appropriately developed
and implemented, CHP systems can create a win-win situation for both the industrial customer
served by the CHP project and the surrounding environment. This study looks at the profitability
of investments in high-cost energy conversion measures in an industrial SME.
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1.1

Background of study

1.1.1 Industrial Energy analysis
Industries carry out analysis of energy systems to maximize profits, minimise environmental
impact and minimise use of resources. Energy analysis is carried out in three sections; energy
auditing, energy economising and system analysis.
Energy audits
Energy audits are performed to determine the quantity and cost of each form of energy over a
period of time. Data from energy usage profiles, utility bills, on-site metering, machine
specifications and production planning are used to group energy consumption into production
and support unit processes. Unit processes are the basic building blocks of energy use.
Production processes include heating, cooling, and mixing. Support processes include
ventilation, space-heating and lighting. Unit processes provide a uniform means of making
comparisons between plant processes; determining potential energy savings; modelling energy
systems and forecasting energy use (Söderström, 1996).
Energy economising
Energy economising focuses on identifying cost-effective energy saving measures as well as the
economic and environmental effects of these measures. Three major means of increasing
industrial energy efficiency exists: change to more energy efficient technologies, energy carrier
conversion, or more efficient behaviour.
Systems analysis
Energy market parameters such as fuel prices, capital cost of equipment, taxes and policy
instruments are constantly changing. Therefore it is necessary to know the economic feasibility
of various investments over a period. Systems analysis defines the interactions between the
energy saving measures and identifies the effects of changing market and technical parameters.
1.1.2 Investment decision support
Decisions to invest in cost intensive measures are made on the basis of financial and economic
analyses. Factors considered include investment cost, payback period, energy saving potential
and environmental effect. Energy saving measures can be grouped into no-cost, low-cost and
high-cost measures with reference to the investment costs. The payback period refers to the
number of years required to recover the cost of an initial investment.
No-cost measures do not entail any cost when implemented and often involve changes in
behaviour or operating practices. These include good housekeeping measures such as resetting
time switch controls and switching off idle devices. No-cost measures have immediate payback
periods when implemented. Low-cost measures often involve changes to maintenance practices
or slight modifications to a process. These include regular servicing of equipment and switching
to high performance lubricants.
High cost measures involve capital investments in new equipment such as modification of an
entire production line and replacing existing installations with energy efficient components
(Wolfgang, 2008). Payback periods of low/high cost measures may vary depending on the
annual savings and initial cost of the investment.
2

Often, investment recommendations arising from energy audits are made using manual methods
such as simple payback calculations even when large projects are promoted (NIFES, 2002).
Spreadsheet tools may be adequate for energy economising. However, system analyses involve
detailed conceptual and financial analysis that would require other analysis tools such as
optimisation and simulation models. These methods provide more information about investments
(Thollander, Mardan, & Karlsson, 2009).
1.2 Aim of study
To investigate profitability and global CO2 emissions potential of energy conversion investments
in a small energy intensive industry by using an optimisation method as a decision support tool.
The MIND optimisation method is used to develop the models.
1.3

Objectives of study
•

Construct an energy system model to provide a sufficiently precise representation of the
main features of energy intensive industrial SMEs.

•

Perform an economic comparison of the system cost of various investment options under
different energy market scenarios.

•

Identify the environmental effect of the investments decisions.

1.4 Research Question
To address the objectives of the study, the following questions were addressed:

1.5

•

How do optimisation methods add more information to investment decisions?

•

How can the environmental effect of investment combined with the cost when making
energy investment decision?

•

How investments in energy conversion measures, specifically, installation of a small–
scale steam turbine for electricity production in an energy intensive industrial SME can
increase energy efficiency and reduce environmental effect of energy usage?
Scope and Delimitations

To be able to carry out the objectives of this study, an optimisation method is used to assess
energy saving investments that are proposed to be carried out in an energy intensive industrial
SME. Small and medium enterprises (SME) are here defined as any enterprise with less than 250
employees and a turnover not more than 50 million Euros (EU, 2010). The proposed saving
measures are from an energy audit carried out in a SME. Energy conversion measures are
focused on shifting from a steam heating system to a hot-water heating system. The study
combines both energy economising and system analysis of the industrial energy system
A wide European regional perspective is considered. The investments period is for a ten year
time period and average cost and prices are used in the optimisation model.
Since investment decisions in industry are founded on economic profitability, the objective of the
model is an economic measure. However, environmental issues have attracted much concern
3

over the recent years and issues such as CO2 emissions are part of the uncertainties affecting
investment decisions. As such the model is developed to evaluate CO2 emissions.
Technical limitations such as capacity of installed equipment are further presented in the third
chapter of this study.
1.6

Structure of thesis

The study is divided into six sections. Each section is represented by a new chapter. The first
section is the introductory section which details the aim, rationale and scope of the thesis.
The literature review is the second chapter. In this chapter findings from previous work relating
to the thesis are presented. It also includes some background information about the subject of this
study
In the third chapter an optimisation model is developed and used under five energy scenarios to
investigate the profitability of investment options in a typical industrial SME. A sensitivity
analysis is performed to assess the effect of varying parameters on the optimisation results.
The fourth chapter is the presentation of results of optimisation and sensitivity analysis
performed in the third chapter.
In the fifth chapter, the results are analysed and interpretation given to trends and generalisation
among the results.
The sixth chapter presents the findings from the analysis and interpretation of the results.
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2

Literature Review

This chapter presents a review of selected literatures on modelling for increased energy
efficiency and reduced green house GHG emissions. The literatures are selected to reflect current
research studies and methodologies about the topic of this study.
2.1

Cost effectiveness of CHP

Small scale CHPs are efficient ways of transforming fuels into energy services. The main
technology for small scale CHP production continues to be the steam turbine which operates on
the Rankine cycle (Kirjavainen & Sipilä, 2004). Many studies have been carried out on the cost
effectiveness of small-scale CHP technologies under various conditions. Small scale CHP
systems are usually operated according to the heat demand. CHP is only cost effective if there
are significant and simultaneous demands for electricity and heat so that the CHP system runs for
a maximum number of hours per year (Smith, 2007). The possibility of meeting in-house
electricity demand as well as and exporting excess electricity are important to make the CHP
economically attractive (Godefroy, Boukhanouf, & Riffat, 2007).
Economies of scale in both size and manufacturing volumes are not in favour of small scale
steam CHP. Hence, investment cost can be critical if investment per generated power increases
with decreasing size (Energy Nexus Group, 2002). In both economical and environmental
conditions, the electricity produced is more important than the heat output of the CHP.
Therefore, the efficiency of the steam turbine is more important than that of the heat boiler in
determining economic viability of investment (IET, 2008). When the heat recovered from a CHP
system has to be transported over long distances, heat loses in the piping system reduce the
overall efficiency of the plant. Also the insulated pipes and their installation are expensive. It is
economical and efficient to have a CHP system located close to the heat demand source.
2.2

Heat-to-Power ratio

The power to heat ratio indicates the electricity production versus the heat production in a CHP
system. Small-scale steam CHPs have power to heat ratios ranging from 1:3 to 1:10. In their
study, Savola, et al., (2006) conducted a systematic simulation study of the process changes that
would increase the power to heat ratio of small-scale steam CHP systems. To increase the
economic feasibility of small-scale CHP investments, more electricity should be extracted per
heat produced (Sipilä, Pursiheimo, Savola, Fogelholm, Keppo, & Ahtila, 2005).
In a related study, Savola, et al., (2007) tested a mixed integer non-linear problem (MINLP)
model with four existing small-scale CHP systems. The test showed that there are profitable
possibilities to increase the electrical efficiencies and power-to-heat ratios of these plants with
the addition of a two-stage district heating exchanger, a feed water preheater, a steam reheater,
and a fuel dryer. In addition to increased electricity production, a higher power-to-heat ratio
could reduce the fuel consumption and CO2 emissions per power unit produced. The efficiency
of current steam boilers can also be improved through general maintenance, improved insulation,
combustion controls, and leak repair improved steam traps and condensate recovery (IEA,
2006a).
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2.3

Electricity Prices

Several modes of electricity price predictions have been used to optimize small-scale CHP
systems. The deregulated European electricity market has added to the unpredictability of
electricity prices. Keppo, et al., (2007) related the price of electricity to the outdoor temperature.
The study used a seven-year (1996-2003) average electricity price from the Nordic Power
exchange to calculate four different seasonal prices which was used in their sensitivity analysis.
Giaccone, et al., (2009), used a time analysis to categorize the changes in electricity prices. The
electricity load profile corresponded to the daily time bands defined by the Italian Authority for
the Electrical and Gas (AEEG). The study made use of a time related electricity price variation.
Faille, et al., (2006), developed a methodology that is similar to the time based electricity price.
However, two periods were used – low and high demand hours. In the literature studied, it
remains unclear how annual electricity price changes were considered in the optimization
models.
Lund, et al., (2005b), investigated the effect of three different electricity prices on the optimal
design of CHP systems. The authors used the EnergyPro software to identify optimal CHP
designs. The methodology developed was used on three different sales price conditions, and the
result proved to be three different optimal designs.
Several literatures reviewed, Rasbuskis, et al., (2007) and Keppo, et al., (2007), agree that high
electricity prices are necessary for CHP investments to be attractive. Also Sundberg, et al.,
(2002) carried out a study on the influence of fuel prices on cost minimized operations and
concluded that at low electricity prices, low power- to-heat ratios are more favourable.
2.4

Criteria for economic analysis of CHP

Economic analysis of the energy investments can be established on varying investment appraisal
criteria such as simple payback period, NPV (Net present value) and internal rate of return.
Investment appraisal techniques should accurately reflect the longevity of returns of the technical
measures. Industries would want a short term payback period on investments on energy related
issues. However, the short term payback can be an inadequate yardstick for assessing longer term
benefits and an inadequate yardstick for assessing longer term benefits (BEE, 2008). Also some
appraisal techniques like the simple payback period discriminates against projects that generate
substantial cash inflows in later years.
Appraisal techniques should take into account the time value of money, variable nature of annual
net cash inflows (NorthEast CHP, 2006). A detailed economic evaluation of three different CHP
technologies was presented by Giaccone, et al., (2009) derived from a combination of NPV and
benefit-cost ratio (BCR). The study showed that economic parameters can reach different values
with reference to the variation of the input data and inaccurate assessment of the economical
parameters could lead to a wrong system choice. Their findings highlight how appraisal criteria
can affect the investment choice.
2.5

Methodologies in Use

A number of studies have investigated the methodologies for assessing the economic viability of
different CHP technologies. Mathematical optimisation methods have been used for finding the
optimal process configurations for small scale CHPs. Savola, et al., (2007), developed a mixed
6

integer non-linear programming (MINLP) model which optimises the power-to-heat ratios and
electrical efficiencies of small-scale CHP plants. The model was used to find alternatives that
could increase the profits of the plant from their current levels. But the solutions found were not
guaranteed as global optimum.
Other studies have used mathematical models to simulate the energy and load profiles of CHPs
while performing sensitivity analysis of different investment scenarios. The investment scenarios
can be sensitive to variations in electricity and fuel prices and other economic and technical
parameters. Giaccone, et al., (2009), presented the result of an economic comparison of three
small-scale CHP technologies. The study described a model which was used to simulate the load
and energy profiles derived from actual data. The authors used the model to compare the CHP
technologies and perform a sensitivity analysis. Again, some studies have evaluated the
performances of CHP technologies using some technical parameters. Kirjavainen, et al., (2004),
evaluated small-scale biomass CHPs using the power-to-heat ratio, total efficiency, ratio of
investment cost to power output and the power plant technology. However, among other things,
the evaluation criteria did not include the market price of electricity or fuels used in the power
plant.
Software tools have been developed to be used in optimizing the output of small-scale CHP
systems. The software are designed to be flexible so that they can handle the complexities of
changing electricity and fuel prices, varying energy demands and changing timeframes.
EnergyPro is one such software that has been used in Denmark in the design and optimization of
small-scale CHP systems (Rasburskis, Lund, & Prieskienis, 2007). The EnergyPro was used in a
study by Lund, et al., (2005a) to investigate the investment possibility of using small-scale
CHP’s in Lithuania. Other optimisation tools include MODEST and reMIND. Sundberg, et al.,
(2002), used a MODEST model to optimise the potential investments that would satisfy the heat
and power demand of a municipal energy system. In the model the authors evaluated the
sensitivity of potential investments in cogeneration to variations in fuel and electricity prices and
also the effect of CHP subsides. A limitation with MODEST is that it is not able to handle nonlinear relations. Again, MODEST is a time-dependent method for energy system analysis and so
it cannot handle load-dependent parameters like power-to-heat ratios (Giaccone & Canova,
2009). The tool, reMIND, is a development of the MIND method and it is further discussed in
Section 3.3.2. The reMIND tool has also been used to optimise the energy systems in several
industries (Tremind, 2010).
2.6

Investments in CHP

The economics of small CHP are affected by three major factors. These are the relative price of
fuel, the value that can be realised for electricity and the investment cost. The unpredictable
relationship between the fuel and electricity prices can be cited as an uncertainty that can
constrain investments in CHP (IET, 2008). According to Keppo, et al., (2007), uncertainty over
future cash flows could further reduce investments in small CHP systems.
There are a number of financial incentives to encourage investment in small-scale CHP. These
include taxes on fuel for non-CHP production, subsidies and grants. CHP strategies should go
hand in hand with favourable regulatory reforms for independent CHP owners. The reforms
include; regulation of district heating and electricity sales conditions, fuel pricing, financing,
optimal operation strategies and investment designs (Lund, Siupsinskas, & Martinaitis, 2005a).
7

In a related study, Lund, et al., (2005b), highlighted the changes in some government energy
policies that seek to encourage investment in small-scale CHP. In the UK, CHP is promoted by
financial incentives as part of the government’s strategy to cut energy use and CO2 emissions.
Government subsidies for small-scale CHP investors are directed towards the use of biomass as
fuel. In Sweden, there are tax reliefs for biofuels while fossil fuels for heating attract CO2 and
sulphur tax (Swedish Energy Agency, 2008). When the electricity prices are low, subsidies for
biofuel fuelled small-scaled CHP do not change the optimal choice of investment. The power-toheat ratio and hence the type of CHP technology can also reduce the effectiveness of government
subsidies. Sundberg, et al., (2002), studied the effect of fuel prices on CHP investment decisions.
From results of the study, at high electricity prices (292 SEK/MWh), the gas fired CHP remained
the optimal investment option although the cost of natural gas was higher (170 SEK/MWh) than
woodchips (120 SEK/MWh).
2.7

Climate Change

Several studies have highlighted the need to reduce greenhouse gas emissions and limit the
energy dependency of the European Union (EU). Fossil fuels remain an important part of the
European energy mix. In 2006, Fossil fuels, natural gas and coal, made up about 60% of the
primary energy source. Fossil fuel use lead to emissions of GHG gases such as CO2 which have
been associated with global warming. Energy industries alone generated about 40% of CO2
emission in 2006 primarily from the use of coal and natural gas. The EU has therefore adopted
new strategies to reduce emission of GHG from the energy sector. The new EU policy aims to
cut green house gas emissions by 20% of 1990 levels, increase the use of renewable to 20% of
total energy production and cutting energy consumption by 20% of projected 2020 levels.
To reduce green house gas emissions, the EU plans to grant fewer emission allowances to powerplants and energy intensive industries under the EU emission trading system (ETS). The scope of
the ETS is to be widened to include other sectors (farming, waste and households) that were not
previously covered by ETS. As fossil fuels remain an important part of the EU energy mix, the
EU seeks to promote technologies such as carbon capture and sequestration (CCS) which can
represent a crucial constituent of reducing GHG emissions.
To reach a 20% share of renewable energy by 2020, the EU hopes to achieve a 10% share of
renewable in the transport sector. The policy directive improves the legal framework promoting
renewable electricity and development of renewable energy sources.
Cogeneration is being promoted by the EU in order to save energy and combat climate change.
According to the EU, cogeneration development could reduce CO2 emission by 120 million
tonnes in 2010 and 250 million tonnes in 2020 (EU, 2009). The goal is to establish a transparent
common framework to promote and facilitate the installation of cogeneration plants where
demand for useful heat exists or is anticipated.
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3

Methods

The methodology is exhausted in five sections of this chapter. First, investment options for the
system are defined followed by a description of energy market scenarios. In the third section, an
optimisation model of the investigated industrial system is developed. The development of the
model as well as the optimisation tool used to optimise the model is described. The fourth
section describes how sensitivity analysis is carried out. The last section provides information
about how the results from the optimised models are evaluated.
3.1

Investment alternatives

The energy conversion measures are derived from the outcomes of several industrial energy
audits. Energy conversion investments considered in this study are presented in Table 1.
Table 1: Potential new investments for energy conversion
Equipment
1.

Biomass Hot water boiler

2.

Biomass Steam boiler

3.

Back Pressure(BP) steam turbine

An important assumption made is that old investments have been made in the form of a coalfired boiler and a gas-fired boiler. The old and new investments are combined into four cases as
presented in Table 2.
Table 2: Investment Options
Description

Option
1

Coal fired boiler (steam)
Natural Gas (NG) boiler for top-load heat demand
Electricity from Grid network

2

Coal fired boiler (steam)
Natural Gas (NG) boiler for top-load heat demand
Steam turbine for Electricity, additional Grid electricity supply.

3

Biofuel boiler (steam)
NG boiler for top-load heat demand
Steam turbine for Electricity, additional Grid electricity supply

4

Biofuel boiler (hot water)
NG boiler (steam)
Additional electricity from Grid network

Industrial heat demand varies over the year with some peaks in certain months and this informs
the need for base load and peak load boilers in each investment option. According to Capros, et
al., (2008), though natural gas fuel is relatively expensive, fuel-mix for steam generation in
European industries is largely dependent on natural gas due to higher efficiency and
environmental regulations. Because of this, natural gas is used for top-load in all four investment
9

options. Option 1 represents the existing state of the investigated system. A steam turbine is used
for electricity production in Options 2 and 3. Biofuel steam boiler is used to produce steam with
the natural gas boiler for top-load in Option 3. In Option 4, additional investment is considered
for a hot-water piping system.
3.2

Scenario description

Four future market scenarios have been developed to study the effect of variation in energy
prices and environmental policy instruments on the profitability of the investments options. The
scenarios are developed for the EU energy market between the time period of 2010 and 2020. All
the scenarios have similar investment alternatives, time-frame and technical data but different
economic input data. The economic data consists of varying levels of fuel prices and policy
instruments. The combinations of economic input data for each scenario are presented in Table 3.
Two levels of fuels prices represent different developments on the world energy market due to
uncertainty in making forecasts – high in scenarios 1 and 3 and low in scenarios 2 and 4. The low
level represents a gradual fossil price increase between 2010 and 2020. The high level represents
steep price increases over the same period.
Two energy policies are considered in the study; tradable CO2 emission permits (TCP) and
tradable green certificates for electricity (TGC). Due to the variation in energy taxation across
regional boundaries, energy taxes are not included in the pricing. Two levels TCP are used to
represent different ambitions to decrease CO2 emissions – low in scenarios 1-2 and high in
scenarios 3-4. A constant TGC level is used in all the scenarios.
Table 3: Scenarios for modelling energy system
Scenario

Fuel prices and policy instruments
Fossil fuel

TCP

TGC

1

High

Low

Current

2

Low

Low

Current

3

High

High

Current

4

Low

High

Current

The economic data used in the scenarios are further described in Section 3.3.4.
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3.3
3.3.1

Model development
Overview of model development

The methodology to develop the model is adopted from the methodologies used in Larsson, et
al., (2004) and Svensson, et al., (2009). These are summarised in the following steps:
Delimitation of system
The boundaries of the system under investigation are defined. The material and energy flows
within the boundaries are identified and simplified so that they can be represented
mathematically.
Data acquisition
Input data for the model include installed capacity of process equipment, energy and material
conversion data, investment and other cost functions, discount rates and equipment lifetime.
Other input data have to be computed. The data are gathered from varying sources.
Model construction
A model of the delimited system is formulated. Optimization models consist of objective
functions and boundary equations. The model is constructed so that conclusions from it would
remain valid to the original problem to a reasonable degree of approximation.
Optimisation of model
In the final step, an optimization algorithm is used to solve the optimisation model to derive a
solution or conclusion for the decision problem.
3.3.2

Optimisation tool

This study has been conducted using the energy system modelling tool reMIND. The tool was
originally developed at the division of energy systems at the Linkoping University. Currently
the tool is an ongoing project whose continued development is the combined effort of the
Division of Energy Systems at Linkoping University and the Division of Energy Engineering at
Lulea University of Technology in Sweden (Tremind, 2010).
The tool is developed from the MIND method. The MIND method was developed for multiperiod optimisation of dynamic industrial energy systems using Mixed Integer Linear
Programming (MILP) (Gong, 2004). An MILP model can be expressed in algebraic form as
follows:
Minimise:
Subject to:

Z = f(x, y)

g(x, y) = 0
h(x, y) ≤ C

x ≥ 0; y ∈ {0,1} ; C is a constant.

Where the variable [x] represents real values used to quantify energy and material flows. Binary
variables [y] are used for non-linear functions and logical restrictions (Gong, 2004). The
objective function [f(x, y)] is used to represent the system cost to be minimized. The system cost
can consist of energy cost, fuel cost, subsidies, tax and maintenance cost. The boundary equation
[g(x, y) = 0] is used to describe the performance of the system like the relation between the
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material flow and the corresponding energy demand of a process; [h(x, y) ≤ C] are inequalities
that can be used to describe the limits of processes in the system (Thollander, Mardan, &
Karlsson, Optimisation as investment decision support in a Swedish medium-sized iron foundry a move beyond traditional energy auditing, 2009).
reMIND has been used in a number of industries such as the steel industry, Kinnunen, et al.,
(2008); pulp and paper industry, Klugman, et al., (2009) and foundry industry, Thollander, et al.,
(2009); to investigate and minimise total system cost. The MIND method can be used to
represent both energy and material flows of an industrial system. The method utilises MILP to
represent both linear and non-linear flows over flexible time periods and at different levels of
accuracy. The entire industrial system could be represented and thus reduce the possibility of
sub-optimisation.
reMIND utilizes commercially available optimization solvers such as CPLEX and noncommercial solvers like LP-solve a. For this study, CPLEX Interactive Optimizer 9.0.0 is used to
solve the MILP problem.
3.3.3

Investigated system

The investigated system to be modelled is presented in Figure 1. In the reference Option a steam
boiler b supplies the heat demand of the SME while the electricity demand is supplied by the local
grid network (see Table 2).
The other investment options considered require the use of a steam turbine and a hot-water
boiler. Fuel transport and storage, flue gas treatment and handling of spent fuel residues are
outside the investigated system boundaries. Only energy and material flows between components
in the system boundary are considered. For Options 2 and 3, these include flows from the steam
boiler to the turbine and from the turbine to the condenser.

a

LP_solve is a free linear (integer) programming solver based on the revised simplex method and the Branch-andbound method for the integers. LP_solve solves pure linear, (mixed) integer/binary, semi-continuous and special
ordered sets (SOS) models (SourceForge, 2008).
b

The boiler mentioned here refers to the base boiler and the top-load boiler as mentioned in Table 2
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Figure 1: Schematic diagram of the investigated energy system

The global CO2 emissions are from the fuel flows and electricity production. Even though four
options are considered, it is assumed that only one of the investment options can be
implemented.
3.3.4

Input Data and Assumptions

The model is developed to be as general as possible, without limiting its usage to a specific
industry. Therefore the data used to reach analysis are not derived from a specific type of
industry. The capacity of the installed equipments and new investment options is presented in
Table 4.
Table 4: Investment cost
Possible size

Investment cost (MEUR)

13 MWt c

-

Natural gas boiler

7 MWt

-

New Biomass Hot water boiler (NHWB)

13 MWt

3.45 d

New Biomass Steam boiler

13 MWt

7.37 e

New Back Pressure(BP) steam turbine

2 MWe

1.28

Coal boiler

c

MWt refers to thermal power and MWe refers to electrical power

d

Scaled-up investment of 5MWt Hot water biomass boiler used in (Chau, Sowlati, Sokhansanj, Preto, Melin, & Bi,
2009)

e

This includes the boiler, fuel handling, storage and preparation system, stack gas cleanup and pollution controls,
field construction and plant engineering.
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The coal and natural gas boilers are assumed to be in working condition for the period of the
study hence no investment costs are allocated. The new investment costs are 2009 estimates from
manufacturing companies except that of the NHWB. Investment cost for the NHWB is a scaledup cost of investment for a 5 MWt hot water boiler used in (Chau, Sowlati, Sokhansanj, Preto,
Melin, & Bi, 2009). The investment was scaled up using the general relation:
Cost a = Cost b �

Sizea R
�
Sizeb

Where Cost a and Sizea represent the investment cost and plant capacity respectively for the new
plant, Cost b and Sizeb represent the investment cost and the capacity of the known plant
respectively. The scaling factor (R) used is 0.7 (Remer & Chai, 1990b). It is assumed that
technical parameters for the two plants such as the efficiency are similar. Investment cost in
Table 4 represents the overhead cost of the installed investment.
Considering an economic lifetime [n] of 10 years for the plant and an annual interest rate,[i] of
6%, an annuity factor [an = 0.14] was calculated using the relation:
i ∙ (1 + i)n
an =
(1 + i)n − 1

For Scenarios 1-4, the Energy Price and Carbon Balance Scenarios (ENPAC) tool developed by
Axelsson, et al., (2010) is used to establish consistent values for the energy prices and CO2
emissions. Inputs to the tool are forecasted world market fossil fuel prices and relevant policy
instruments (CO2 emission charges, taxes and subsidies). The projected fossil price input to the
ENPAC tool is taken from EU Commission, (2008). The projections are presented from 2010 to
2020 in 5-year intervals as shown in Table 5. The low level price represents the moderate price
environment in EU Commission, (2008), and the high level price represents the high price
environment in the same source.
Table 5: Fuel Input data for energy market scenarios
2010
EUR/MWh

2015

2020

Low

High

Low

High

Low

High

Gas

18

20

19

27

20

34

Coal

6

7

6

9

6
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As stated earlier, two levels of TCP are used. A charge of 30 Euro/ton by 2020 is necessary to
achieve the objectives of the European Union’s 2020 greenhouse gas reduction (EU
Commission, 2008). The starting point for CO2 charge is 22 Euro/ton which is the current 2010
price. The TCP charges are shown in Table 6.
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The low level CO2 charge used by Axelsson, et al., (2010) is used as the low level TCP price in
this study. It is assumed that that there is a linear trend from 2010 to 2020.
Table 6: Policy instruments levels for energy market scenarios
2010

2015

2020

Low

22

18

15

High

22

26

30

20

20

20

TCP (EUR/ton)

TGC (EUR/MWh)

TGC are set at 20 Euro/MWh. It is assumed that the TGC are guaranteed for the period between
2010 and 2020.
The electricity used in the study is assumed to be on the margin. In Europe, coal fired
condensing plants have the highest variable cost and therefore work as the marginal source of
electricity. The ENPAC tool is used to generate the fuel (coal, gas, biofuels) and electricity
prices as shown in Table 7.
Table 7: Market price for fuels and electricity used in the model
EUR/MWh
Coal

Gas

Electricity

Biofuel

Scenario

2010

2015

2020

1

15

16

17

2

15

13

13

3

15

19

22

4

14

16

18

1

29

35

41

2

27

27

28

3

29

37

45

4

27

29

31

1

49

50

52

2

47

44

43

3

49

56

63

4

47

51

54

1

22

24

25

15

EUR/MWh

Scenario

2010

2015

2020

2

22

20

20

3

22

28

32

4

21

24

26

The CO2 emission corresponding to the marginal electricity production is 770 kg/MWh as used
in Axelsson, et al., (2010). An annual average electricity price is used. Upgraded biofuel (pellets)
is representative of biomass in this study. Other biomass such as woodchips and bark are not
considered.
CO2 emission for the fuels considered are summarised in Table 8. The emissions from coal are
taken to be from a coal condensing plant with an efficiency of 0.46. For this study, biomass is
considered to be an unlimited resource as such there are no CO2 emissions from biofuel use
(Axelsson & Harvey, 2010).
Table 8: CO2 emission for fuels
(kg CO2/MWh)

Fuel

217 f

Natural gas
Biomass

0

Coal

347b

Electricity

723 g

Technical data needed to develop the optimisation models are summarised in Table 9. For the
sake of simplicity, boilers in this study are described as units transforming fuel energy into heat
and with an efficiency of 0.85. The conversion efficiency of the new back-pressure turbine is
derived from the design averages from the literature studied. Several literatures reviewed quote
values between 0.1–0.3 for small-scale turbines used in industry. The efficiency of steam to hot
water conversion is assumed to be 0.40 which represents a modest case in reality. The annual
operation hours is calculated as 24 hours of every weekday in 2010. Thus, 6264 hours per year is
used across the study period. An assumption made is that, conversion rates used in the study are
constant and independent of the flow of materials and energy.

f
g

(Axelsson & Harvey, 2010)
(Difs, Wetterlund*, Trygg, & Söderström, 2010)
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Table 9: Technical data used in model
Value

Parameter
Fuel-to-steam ratio of Boilers

0.85

Power-to-heat ratio steam turbine

0.20

Steam to hot water conversion

0.40

Operation hours (hours/yr)

6264

Energy consumption data for heat and electricity are the results of the energy audits of several
SMEs. However, the actual data from the audits are transformed to get a representative data
which maintains the relationship between the actual figures. This is necessary to meet the
requests of confidentiality from the SMEs. The data are monthly averages. It is assumed that
these consumption figures remain constant over the 10-year study period.
3.3.5

Model Construction

The model is constructed using the reMIND tool described in Section 3.3.2. The model uses two
time step levels: Top and Months. A length of ten years (2010 – 2020) was modelled using 120
time steps which represent 12 months per each year.
In reMIND all new investments begin operation after the first time period or latter. Hence it
cannot be assumed that new investments are used right after the investments are made. For
January and other peak demand months, the Natural Gas boiler cannot supply the heat demand in
Options 3 and 4. Therefore, a year is considered to begin and end in July. Input data for the
model are from Section 3.3.4.
Figure 2 is a screen-shot of the reMIND tool showing the model under construction. Detailed
schematic figures of the models are included in the appendix. Nodes indicated by rectangles,
represent components in the system. Nodes are linked by the material and energy flows. reMIND
version 2.52 is used to construct the model. The boundaries of the model are described in Section
3.3.3.
To increase the level of detail, more nodes are used to represent a component. Three nodes are
used to represent the steam turbine. The top node takes care of the investment while the two subnodes are used due to the difference in cost of producing electricity from different fuels. Less
level of detail is used for the boilers and condenser. A node serves as the CO2 sink for emissions
from fossil fuels and electricity. The CO2 sink is only used to quantify the amount of CO2
emission and the CO2 resource has no cost. Actual CO2 emission costs have already been
included in the fuel prices in Section 3.3.4. The objective function minimises the cost of the
system over the entire 10-year period. It is expressed in Euro per the 10-year period.
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Figure 2: Screen shot of reMIND model

3.4

Sensitivity Analysis

The scenarios in Section 3.2 are a form of sensitivity analysis for price and policy levels. Further
parameter sensitivity analysis is carried out to check the robustness of the optimal solution in
each scenario. The following parameters where varied at different levels to see the response of
the model:
•
•
•
•

Investment cost
Biofuel prices
TGC
Steam-to-hot water conversion losses
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3.5

Evaluation of results

The objective function of the model minimizes system cost under each scenario.
The model is optimised considering one investment option at a time. In each scenario, the results
from investment options are compared to the reference investment option and the minimum
system cost option is selected as the optimal solution. The reference option in each scenario is
Investment Option 1 as shown in Table 2.
With this optimisation procedure, alternate solutions similar to the optimal solution can be
identified. It is possible to analyse the tradeoffs between cost and environment for each
investment option.
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4

Results

This section first covers the economic cost, second the global CO2 emissions of the investments
in all the scenarios, and finally the sensitivity analysis performed. As has been described in
Sections 3.2, Option 1 is the reference option in each of the scenarios. The new investment
options are Options 2 - 4.
Option 1 is the existing heating system. It consists of old investments in a steam coal boiler and
natural gas boiler. In Option 2, a new investment is made in a steam turbine for electricity
generation. The new investments in Option 3 are in a biofuel steam boiler and a steam turbine for
electricity generation. Option 4 has a new investment in a hot water boiler. In all the investments,
the main electricity supply is from the grid network and the top heating load is supplied by the
natural gas steam-boiler.
4.1

System Cost

In Figure 3 the comparative system costs from the optimisation model is shown. The relative
system cost is the difference in the system costs between new investment option and the reference
case.

Difference in system cost
(MEUR/10-years)

4
2
0
-2

Option 2

-4

Option 4

Option 3

-6
-8
1

2
3
Energy market scenarios

4

Figure 3: Relative system costs

A negative system cost represents a net decrease in the reference system cost. When a new
investment will result in a net increase in reference system cost, the difference in system cost is
positive.
As can be seen in Figure 3, it is possible to observe that the difference in system cost is more
pronounced in Scenario 3. The difference in system cost is less pronounced in Scenario 2;
Options 2 and Option 4 have their lowest negative system cost respectively in Scenario 2 while
Option 3 records the highest increase in the system cost of reference case.
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Investment Option 4 results in a net decrease of the reference system cost except in Scenario 2.
The largest reduction in the reference system cost for all scenarios is observed with Investment
Option 2.
4.2

Global CO2 emissions

The relative global emissions for all the scenarios are shown in Figure 4. As can be observed in
Figure 4, the difference in global CO2 emissions between the various investment options and the
reference option is negative for all the scenarios. Similar reductions of global CO2 are observed
in Scenarios 1-3 for the respective investment options. Though not clearly observed from Figure
4, the net decrease in the reference global CO2 emissions is slightly less in Scenario 4.

Difference in Global CO2 emissions
(ktonnes/ 10-years)

0
-50
-100
-150
Option 2

-200

Option 3
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2

3

4

Energy market scenarios

Figure 4: Relative Global CO2 emissions from all scenarios

Investment Option 3 is a combination of investments in a biofuel steam boiler and a steam
turbine. For Scenarios 1-4, the relative decrease in global CO2 emission associated with Option 3
is higher than in other investment options. Option 2 is an investment in a small-scale steam
turbine.
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4.3

Sensitivity Analysis

Sensitivity analysis is carried out for the investment cost, tradable green electricity (TGC),
overall steam turbine efficiency, biofuel prices and the losses due to steam-to-hot water
conversion.
4.3.1

Investment Cost

A sensitivity analysis was carried out on the investment cost of new investments in the model.
The investment cost was varied at 50%, 75%, 125% and 150% of the original capital cost. Figure
5 shows the response of the models to the variation in the capital cost of investment.
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25% Increase
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2
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3

2

1
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4

3

2

1

Difference in system cost (MEUR/10 yeaars)

8

50% Increase

Market scenarios at varying investment cost

Figure 5: Sensitivity analysis for investment cost

As can be seen in the Figure 5, system cost for Option 2 is always lower than the reference option
in each scenario despite the variation in prices. At 50% of the investment costs, Option 3-4
results in a net decrease of the reference system cost. Option 3 is sensitive to increase in the
investment cost.
There is no significant change in the Global CO2 emissions when the cost of investment is varied.
For all the variations the emissions are similar to that shown in Figure 4.
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4.3.2

Tradable green electricity certificates (TGC)

Difference in system cost (MEUR/10 years)

The effect of varying TGC on the optimisation results is shown in Figure 6. TGC is only
applicable in Investment Option 3. The TGC price is varied from 0 EUR/MWh to 40 EUR/MWh
at 10 EUR/MWh intervals. The price variations represent a 50% and 100% decrease; 50% and
100% increase of the initial 20 EUR/MWh.
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2
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0 EUR/MWh

40 EUR/MWh

Market Scenarios at varying TGC prices
Figure 6: Sensitivity analysis of tradable green electricity certificates

The system cost of Option 3 is directly correlated with the TGC price. Increasing the TGC price
reduces the system cost however, Investment Option 3 results in a net increase of the reference
system cost in Scenarios 1-4. The net increase in reference system cost is lowest when the TGC
price is 40 EUR/MWh.
Global CO2 emissions from Investment Option 3 remains unchanged even with the variations in
TGC prices.
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4.3.3

Efficiency of Steam turbine

A turbine efficiency of 0.9 is used in the Investment Options 2-3. The efficiency of the turbine is
analysed at 0.75 and 0.60 to assess the effect on the optimisation results. Figure 7 shows the
results of the sensitivity analysis.

Difference in system cost (MEUR/ 10 years)

As can be observed in Figure 7, variation in the steam turbine efficiency affects the net change in
reference system cost of Options 2-3.
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Market scenarios with varying steam turbine efficiency
Figure 7: Sensitivity analysis of turbine efficiency

The reduction in system cost decreases largely at a turbine efficiency of 60%. Reducing the
turbine efficiency reduces the net decrease of the reference global CO2 emission for Options 2-3.
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4.3.4

Price of biofuel

Difference in system cost (MEUR/ 10 years)

Sensitivity analysis for the biofuel price was carried out using the following prices; 25%
decrease, 50% decrease, 25% increase and 50% increase in biofuel prices. The results of the
analysis are shown in the Figure 8.
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Market scenarios with varying biofuel prices
Figure 8: Sensitivity analysis of biofuel prices

At low biofuel prices (50% decrease), there is a net decrease in reference systems cost for
Options 1-4. It can be observed that Option 4 marks a net decrease of reference system cost in
Scenario 3 when the biofuel fuel prices are lowered by 25% and 50%. Biofuel prices have to be
reduced greatly for the Option 3 to be a competitive investment in all the scenarios.
The global CO2 emission from Investment Options 3-4 remains unchanged under the variations in
biofuel prices.
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4.3.5

Steam to hot-water conversion losses

Sensitivity analysis is carried out on the steam-to-hot water conversion losses. The results are
shown in Figure 9. The losses associated with converting steam to hot water are taken as 60%
and it includes distribution losses due to leakages and poor thermal. For the sensitivity analysis, it
is assumed that an implementation of low cost energy efficiency measures in the company would
reduce steam-to-hot water conversion loses to 50%.

Difference in system cost (MEUR/ 10 years)
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Market scenarios at varying conversion losses
Figure 9: Sensitivity analysis of steam to hot-water conversion losses

Reducing the conversion losses reduces the system cost of the reference case. Therefore, as it can
be seen in Figure 9, there is a decrease in the net reduction of system cost for Options 2-4. Option
4 is not a competitive investment when the conversion losses are reduced.
The global CO2 emissions of the reference case decrease when the conversion losses are reduced.
Net reduction in global CO2 emissions is decreased.
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5

Discussion

5.1

Significance of Decision support tools

The optimisation method is used to assess the profitability and net CO2 emissions reduction of
the proposed investments within a future energy market context. Future energy markets are
subject to uncertainty in prices and policies. The different scenarios provide more information
about the investments under different market conditions.
Scenarios 2-5 are developed with projected future market conditions that consider possible
uncertainties in future energy as shown in Table 6 and Table 7.
With reference to Figure 3, it is observed that Option 3 and Option 4 are not attractive
investments even though their contribution to global CO2 emission is attractive (see Figure 4).
Concerning Option 4, it is a profitable investment option in other scenarios except in Scenario 2
which has low fossil fuel and electricity prices. Without further decision support tools;
optimisation and sensitivity analysis, it would be difficult to analyse the trade-off existing
between investment cost and global CO2 emission; efficiency of the steam turbine and its
investment cost. The performance of Option 2 under various market uncertainties can be clearly
analysed in the sensitivity analysis. From these results, a conclusive decision on the investments
can be made. In this way, decision support tools provide more information about potential
investments and reduce the risk of making an inadequate decision.
5.2
5.2.1

Analysis of results
Optimal investment

The optimisation of the investment options show that investment in a new steam turbine is a
profitable solution compared with the other new investments. Investment in a new steam turbine,
represented by Option 2, decreases the system cost relative to the reference option, as displayed
in Figure 3.
The alternative solution might be the investment in a hot water boiler, represented by Option 4.
The alternative solution has a systems cost that is less than the reference option but more than the
optimal solution. The risk with the alternative solution is that it has a higher system cost than the
reference option in Scenario 3 when fossil fuel prices and electricity prices are lower than the
biofuel prices.
The new investment in a biofuel steam boiler and a steam turbine, represented by Option 3
cannot be considered as a profitable investment option since it results in a net increase in the
reference system cost.
In the studied industrial system, the optimal investment solution will be in Option 2. Option 2
has substantially lower system cost than the reference option in all the scenarios, indicating that
it is profitable as compared to other investments or making no investments at all.
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5.2.2

Robustness of Investment

The future energy market scenarios provide a form of sensitivity analysis on the price of fuels
and policies to reduce global CO2 emissions. Further analysis is carried out with parameter
sensitivity analysis to verify the robustness of the optimisation results.
The results of the parameter sensitivity analysis are shown in Figure 5 to Figure 9. From these
results, it can be concluded that investments in a new steam turbine (Option 2) is a robust
solution.
An analysis of the investment cost was made for the new investments in Scenario 1-4, displayed
in Figure 5. The analysis shows that the investment cost of Option 2 would have to be greatly
increased for it to become unprofitable. It is inferred that this is partly because the capital cost of
investment in Option 2 is relatively low when compared with capital cost in Option 3-4 (see
Table 4). With reference to Figure 5, Option 2 results in relatively substantial reduction in the
reference system cost even with significantly increased investment capital cost.
Further analysis was carried out to determine the effect of overall steam turbine efficiency on the
system cost of Option 2. Decrease in steam turbine efficiency can be a result of age, duty cycle
or steam conditions. From the literature review, overall efficiencies of small steam turbines range
from 65% to 90%. In the study an efficiency of 90% is considered. The analysis was made with
lower overall efficiencies of the steam turbine. As can be observed in Figure 7, the Investment
Option 2 has considerable reductions in the reference systems cost even at low efficiencies of the
steam turbine. Nevertheless, it can be inferred that a reduction in efficiency of the steam turbine
increases the net system cost more than an increase in the capital cost of investment of the steam
turbine (see Figure 5).
In the reference option, steam to hot water conversion losses is 60%. Analysis carried out on the
conversion efficiency shows that reducing the conversion losses decrease the system cost of the
reference option; the net reduction in system cost is decreased (see Figure 9). For the sensitivity
analysis, it was assumed that an implementation of low cost energy efficiency measures in the
company would reduce steam-to-hot water conversion loses to 50%. Investment in a steam boiler
remains competitive after implementation of the energy efficiency measures. From the results, it
can be inferred that when steam-to-hot water conversion losses are decreased further, steam
turbines with low overall efficiencies might not be a competitive new investment.
5.2.3

Alternative Investments

With reference to Figure 3, Option 4 reduces the reference system cost in all scenarios except in
Scenario 3 where fossil fuel prices are relatively low. It is inferred that high fossil fuel prices
relative to biofuel prices are required to make investment in a hot water boiler a profitable
investment. Analysis of the sensitivity of biofuel prices on the optimisation results was made
(see Figure 8). The sensitivity analysis shows that a relatively low biofuel price is required to
make investment in the hot water boiler compete with an investment in a steam turbine.
Relative to investments in Option 2 and Option 4, Investment Option 3 is a high capital intensive
investment. Even though electricity generation in Option 3 is supported with tradable green
electricity certificates, Option 3 increases the system cost relative to that of the reference option
as shown in Figure 3. An analysis of the TGC prices show that price increases in TGC price
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alone was not enough to make Investment Option 3 competitive; a decrease in the capital cost of
investment is necessary (see Figure 5 and Figure 6).
5.3

Trade-off between global CO2 reduction and system cost

The global CO2 emission consequences of all the four investment options are highly dependent
on the electricity demand and the type of fuel used. The electricity is produced from coal
condensing power plants.
In Investment Option 2, the global CO2 emissions were reduced compared with the reference
option (Option 1), mainly due to reduced fossil fuel consumption. Production of electricity from
the steam turbine also resulted in the decrease of global CO2 emissions.
Investment Option 3 results in the highest reduction of global CO2 emissions compared with the
reference option. Biofuels are considered to be carbon neutral in this study. The increased use of
biofuel does not account to any global CO2 emissions. The global CO2 emissions reduction from
production of electricity by the steam turbine is similar to that in Option 2.
For Investment Option 4, fossil fuels are replaced with biofuels resulting in the decrease in
global CO2 emissions compared to the reference option. The amount of global CO2 emissions
from electricity consumption is similar to the reference option.
Considering biofuels to be carbon neutral has significant effects on the outcome of the global
CO2 emissions of the new investments. In the wider European regional market, biofuels are
forecast to be the main feedstock for production of transportation fuels in the future. The new
European Union directive on renewable energy promotion increases the share of renewable
energy in the transport sector from 5.75% to a minimum of 10% in every Member State by 2020
(European commission, 2010). This involves substantial amount of biofuels. Although, forestry
biomass is currently mainly dedicated to power and heat markets, demand for biofuel together
with new gasification technologies can make biofuels a limited resource. Production and
transportation of biofuel can result in global CO2 emissions and affect the price settings of
biofuels.
As the results of the study show in Figure 4, Option 3 has the highest reduction in global CO2
emissions followed by Option 4 and Option 2 in that order. Reduction in systems cost is in the
reverse direction, where Option 2 results in the largest system cost reduction followed by Option
4 and Option 3 in that order (see Figure 3). There is a trade-off between reducing system cost
and global CO2 emissions. In the business environment, decisions concerning new cost intensive
investments would most likely be in favour of reducing cost.
5.4

Outcome of results

The profitability of investing in different energy conversion measures in an energy intensive
SME over a ten-year period has been studied using an optimisation model. The new investments
were studied using future market scenarios with interdependent parameters.
The methodology used makes it possible to investigate the performance of all the investment
options and to identify alternative solutions. The criticism of the methodology is that it can be
time consuming when dealing with the sensitivity analysis. Many optimisation runs have to be
made to get results about how sensitive the model is to varying parameters.
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For the scenarios with high electricity and fossil prices relative to biofuel prices (Scenario 3), the
investment in a steam turbine (Option 2) and investment in a hot water boiler (Option 3) were
shown to be competitive. Each of them resulting in substantial reductions in system cost
compared with the reference option. However, investment in Option 2 was the very robust
solution of the two investments.
The results show that Option 4 is not a profitable investment. Policy instruments alone designed
to promote biofuels (green electricity certificates), may not be enough to make biofuel
investments profitable especially for high cost investment options (Option 3). Previous studies
by (Keppo & Savola, 2007) on small biofuel fired CHP plants confirm that higher electricity
prices and/or lower investment cost are necessary to make CHP especially small-scale CHP to be
economical attractive.
The existing investment options (Coal boiler and Natural gas boiler), are considered to be in
working condition even to the end of the 10-year study period. Should there be a need for
replacement during the study period; the potential for investment in Option 3-4 would be
competitive.
For all the investment options, there is a substantial decrease in the global CO2 emissions
compared with the reference option. Although the reduction in global CO2 emissions is lowest in
the investment in a steam turbine (Option 2), the additional benefit in systems cost reduction and
robustness make it the optimal investment solution.
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Conclusions

Reducing energy consumption and eliminating waste associated with energy use are among the
main objectives of the European Union. In industry, energy efficiency reduces system cost and
emissions to the environment. Energy audits are carried out in industry to identify measures that
would increase energy efficiency. Energy conversion measures are usually not implemented due
to inadequate information about the risk involved in making such capital intensive investments.
In this study, an optimisation method - MIND, has been used as an investment decision support
tool to investigate the profitability of three energy conversion investments proposed in an energy
intensive SME. The optimisation method was also used to assess the global CO2 emission
consequences of the investment.
It has been shown that optimisation as a decision support tool adds more information about
investments than the simple manual tools such as simple payback method, used in energy audits.
The additional information is needed by decisions makers to make decisions that can stand the
test of time and fluctuating energy markets. Optimisations together with sensitivity analysis
provide a structured means of studying the risk involved in capital intensive investments.
From the optimisation and sensitivity analysis, a conclusion can be reached that investment in a
small-scale steam turbine combined heat and power production is a profitable and robust
investment. The turbine produces electricity from an existing coal-fired boiler. The net reduction
of global CO2 emission is substantial compared to the reference system.
For the optimal investment option, it has been shown that the efficiency of the steam turbine is
more critical to reduction in system cost than the initial capital cost of the investment. Therefore
when an industrial SME has the option of choosing between a more efficient steam turbine at a
higher cost and a less efficient steam turbine at a lower cost, the former should be a preferred
option.
It was shown that an investment in a new biofuel CHP (Option 3) is not a profitable investment
due to high investment cost and low electricity and fossil fuel prices. Option 3 consists of a
small-scale steam turbine and a biofuel steam boiler. Policy instruments (tradable green
electricity certificates and tradable CO2 emission permits) alone at their current price levels, are
not enough to make cost intensive biofuel investments (Option 3-4) attractive, further reduction
in investment cost is required. Investment subsidies and policies to reduce the initial capital cost
of investment are required as incentives for industrial SMEs to investment in biofuel based
energy conversion measures.
The European Union aims to reduce greenhouse gas emissions by 20% and save 20 % of energy
by the year 2020. While the potential savings are valid for the studied option, a general
conclusion can be reached that investments in combined heat and power systems (Option 2) can
play an important role in fulfilling these policy objectives. Obviously, this may not increase the
percentage of renewable fuel by 2020 but can give rise to substantial reduction in the global CO2
emissions and energy consumption.
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Recommendations

In this study, biofuels have been assumed to be an unlimited resource with no CO2 emission to
the environment. As has been discussed in Section 5.3 of this study, the assumption made affects
the outcome of this study. Further research is needed to consider the effects of biofuel emissions
and competition for biofuels on the outcome of the results.
Optimisation Models have been used as the main method for analysing the proposed investment
options. In other studies, Gong (2004), exergy analysis has been combined with optimisation to
improve industrial energy systems towards sustainability. Exergy applications are observed in
various fields, including mechanical and chemical engineering as well as economics and
management and they are used increasingly by industries and governments throughout the world,
particularly with the aim of improving energy sustainability (Rosen, 2010). As a thermodynamic
tool, Exergy analysis can be used for assessing and improving the efficiency of the energy
conversion measures as well as for enhancing the environmental and economic performance.
Further work on this study could look at how exergy analysis can be combined with optimisation
methods as investment decision support tools.
In this study, the projected prices (2010 to 2020) of fossil fuels have been used in the ENPAC
tool to generate consistent energy market scenarios. With regards to the fossil fuel price
projections, these projections are quite low when compared to current (2009) market prices. For
future work, price projections that correlate with the current market prices could be used in the
study. It will increase the reliability of the findings of the study.
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Appendix
Appendix 1: Total monthly heat demand for company used as case study

Month

Total heat demand (MWh)

January

3164

February

3235

Mars

2239

April

1954

May

1669

June

1314

July

142

August

1242

September

1669

October

1812

November

2524

December

3235

Appendix 2: Price of fossil fuel (basis of future price projections)

2005/boe

2005

Oil

2010

2015

2020

61 $/bbl

l00$/bbl

61 $/bbl

l00$/bbl

61 $/bbl

l00$/bbl

54.5

54.5

69.7

57.9

83.3

61.1

100.1

Gas

34.6

41.5

46.3

43.4

61.4

46

77.5

Coal

14.8

13.7

15.8

14.3

20.3

14.7

24.2

Note: Boe, stands for barrel of oil equivalent (roughly 7.1 boe = 1 toe!). The Dollar, exchange rate is
assumed to be equal to 1.25 $/€.

Source: (EU Commission, 2008)
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Appendix 3: Future fuel price projections used to develop scenarios
Scenarios
EUR/MWh

Coal

Gas

Electricity

Biofuel

Year
2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

1

15.43

15.52

15.61

15.69

15.78

15.87

16.04

16.21

16.38

16.54

16.71

2

14.53

14.28

14.03

13.78

13.53

13.27

13.12

12.96

12.81

12.66

12.51

3

15.43

16.07

16.75

17.43

18.11

18.83

19.46

20.07

20.69

21.30

21.91

4

14.26

14.66

15.05

15.44

15.83

16.22

16.52

16.82

17.12

17.41

17.71

1

29.37

30.47

31.60

32.72

33.85

35.00

36.26

37.56

38.85

40.14

41.46

2

27.27

27.24

27.20

27.17

27.13

27.10

27.20

27.32

27.43

27.54

27.66

3

29.37

30.83

32.32

33.81

35.30

36.84

38.38

39.96

41.53

43.11

44.71

4

27.27

27.61

27.94

28.28

28.61

28.94

29.34

29.73

30.12

30.52

30.91

1

48.88

49.07

49.26

49.45

49.64

49.83

48.02

48.38

48.74

49.11

51.64

2

46.92

46.37

45.82

45.28

44.73

44.18

43.85

43.51

43.18

42.84

42.51

3

48.88

50.39

51.86

53.34

54.81

56.24

57.60

58.95

60.29

61.64

62.96

4

46.92

47.67

48.41

49.14

49.88

50.59

51.24

51.88

52.53

53.17

53.82

1

22.43

22.69

22.95

23.21

23.47

23.73

24.20

24.40

24.60

24.80

25.03

2

22.43

21.88

21.36

20.84

20.32

19.83

19.83

19.83

19.83

19.83

19.83

3

22.43

23.44

24.48

25.52

26.56

27.63

28.38

29.16

29.94

30.72

31.53

4

21.13

21.62

22.14

22.66

23.18

23.73

24.22

24.74

25.26

25.78

26.33

42

Appendix 4: System cost of investment options over 10-year period

Scenario

Total System Cost (EUR)
Option 1

Option 2

Option 3

Option 4

1

21,036,952

15,947,652

23,549,558

20,416,709

2

18,753,684

14,202,738

22,092,594

18,941,014

3

23,421,982

17,365,240

25,406,963

22,319,358

4

21,116,520

15,739,238

23,520,103

20,467,453

Appendix 5: Global CO2 emission of investment options over 10-year period

Scenario

Global CO2 emission
Option 1

Option 2

Option 3

Option 4

1

484,931

339,736

191,134

243,742

2

484,931

339,710

191,134

243,742

3

484,931

339,710

191,362

243,742

4

482,467

339,710

191,362

243,742
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Appendix 6: Sensitivity analysis for investment cost

Sensitivity

50% Decrease

25% Decrease

25% Increase

50% Increase

h

Investment Cost h (EUR)

Scenario
Option 1

Option 2

Option 3

Option 4

1

21,036,952

15,379,616

19,710,875

18,885,673

2

18,753,684

13,634,702

18,253,911

17,409,978

3

23,421,982

16,797,204

21,568,279

20,788,322

4

21,116,520

15,171,202

19,697,544

18,936,418

1

21,036,952

15,663,634

21,632,436

19,649,860

2

20,152,133

13,910,516

20,175,472

18,174,165

3

23,421,982

17,081,222

23,489,840

21,552,509

4

21,116,520

15,455,220

21,619,105

19,700,604

1

21,036,952

15,663,634

21,632,436

19,649,860

2

20,152,133

13,910,516

20,175,472

18,174,165

3

23,421,982

17,081,222

23,489,840

21,552,509

4

21,116,520

15,455,220

21,619,105

19,700,604

1

21,036,952

16,515,689

27,388,241

21,947,744

2

20,152,133

14,762,570

25,931,278

20,472,049

3

23,421,982

17,933,276

29,245,646

23,850,393

4

21,116,520

16,307,274

27,374,910

21,998,489

The investment is expressed over a 10-year period for all the sensitivity analysis
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Appendix 7: Sensitivity analysis for tradable green electricity certificates (TGC)
Sensitivity

Scenario

(TGC)

0 EUR/MWh

10 EUR/MWh

30 EUR/MWh

40 EUR/MWh

System Cost (EUR)
Option 1

Option 2

Option 3

Option 4

1

21,036,952

15,947,652

24,620,469

20,416,709

2

18,753,684

14,202,738

23,163,505

18,941,014

3

23,421,982

17,365,240

26,474,363

22,319,358

4

21,116,520

15,739,238

24,603,628

20,467,453

1

21,036,952

15,947,652

24,085,013

20,416,709

2

18,753,684

15,096,476

21,557,139

18,941,014

3

23,421,982

17,365,240

25,940,663

22,319,358

4

21,116,520

15,739,238

24,069,927

20,467,453

1

36,485,679

25,993,002

22,478,648

26,007,129

2

18,753,684

15,096,476

21,557,139

18,941,014

3

23,421,982

17,365,240

24,873,262

22,319,358

4

21,116,520

15,739,238

23,002,527

20,467,453

1

36,485,679

25,993,002

22,478,648

26,007,129

2

18,753,684

15,096,476

21,021,684

18,941,014

3

23,421,982

15,096,476

24,339,562

22,319,358

4

21,116,520

15,739,238

22,468,827

20,467,453
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Appendix 8: Sensitivity analysis of steam turbine efficiency
Scenario
Steam turbine efficiency

60%

75%

System Cost (EUR)
Option 1

Option 2

Option 3

Option 4

1

21,036,952

18,587,648

28,082,807

20,416,709

2

18,753,684

16,974,494

26,183,068

18,941,014

3

23,421,982

20,970,946

30,398,023

22,319,358

4

21,116,520

18,876,117

25,442,168

20,467,453

1

21,036,952

16,760,930

25,094,825

20,416,709

2

18,753,684

15,072,667

23,484,426

18,941,014

3

23,421,982

18,539,831

27,143,451

22,319,358

4

21,116,520

16,752,866

25,077,297

20,467,453

Appendix 9: Sensitivity analysis of conversion steam-to-hot water conversion efficiency

Scenario
Conversion losses

60%

50%

System Cost (EUR)
Option 1

Option 2

Option 3

Option 4

1

21,036,952

15,947,652

23,549,558

20,416,709

2

18,753,684

14,202,738

22,092,594

18,941,014

3

23,421,982

17,365,240

25,406,963

22,319,358

4

21,116,520

15,739,238

23,520,103

20,467,453

1

18,799,927

15,946,383

23,547,238

20,414,388

2

16,884,302

14,201,590

22,090,440

18,938,859

3

20,989,658

17,364,021

25,404,642

22,317,037

4

18,931,091

15,738,111

23,533,907

20,465,298
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Appendix 10: Sensitivity analysis of biofuel prices

Scenario
Biofuel prices

50% Decrease

25% Decrease

25% Increase

50% Increase

Investment Cost (EUR)
Option 1

Option 2

Option 3

Option 4

1

21,036,952

15,947,652

19,815,743

17,831,133

2

20,152,133

15,096,476

18,614,678

16,588,886

3

23,421,982

16,797,204

21,568,279

20,788,322

4

21,116,520

15,739,238

19,815,110

17,923,834

1

21,036,952

15,947,652

21,702,719

19,123,921

2

20,152,133

15,096,476

20,412,504

17,764,950

3

23,421,982

17,365,240

23,354,085

20,876,933

4

21,116,520

15,739,238

21,709,752

19,195,643

1

21,036,952

15,947,652

25,396,397

21,709,497

2

20,152,133

15,096,476

23,725,469

20,117,078

3

23,421,982

17,365,240

27,459,841

23,761,782
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Appendix 11: Schematic model of Investment Option 1
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Appendix 12: Schematic model of Investment Option 2
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Appendix 13: Schematic model of Investment Option 3
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Appendix 14: Schematic model of Investment Option 4
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