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SUMMARY

In complicated systems, such as a highly integrated industrial plant with its own energy production, estimating the
value of energy conservation is not so straightforward. Often, heat is priced using different kinds of methods for
allocating the fuel cost to heat and electricity. However, there is no consistent way to valuate the process steam in
industry, and not just one useful method for allocating costs to heat and power. In this paper, the energy method,
exergy method, benefit distribution method and market-based method are evaluated and compared from different
decision-making perspectives. The results of this study indicate that the allocation methods may overestimate by up
to 200-300% the benefits from the mill perspective compared to the benefits from the mill site perspective. So, the
most suitable method may vary, depending on the selected system boundary, i.e. the decision-making perspective,
the type of CHP plant and energy prices. Based on the results of this study, the exergy method fits well with the
CCGT plant with a condensing unit and constant fuel input. On the other hand, the market-based method is the
most correct way to estimate the value of heat when heat conservation reduces the production of CHP electricity.
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1. INTRODUCTION

Energy conservation is seen as the most economic way
of reducing CO, emissions and dependency on fossil
fuels. Combined heat and power (CHP) production is
seen as an important technology to enhance energy
efficiency and contribute to climate policy objectives
[1]. Also, the International Energy Agency (IEA) [2]
concludes that CHP, especially in conjunction with
district heating and cooling, is an important element in
national and regional greenhouse gas emission reduc-
tion strategies.

In the Nordic countries, CHP production is widely
used in energy-intensive industry. An industrial CHP
plant (or cogeneration plant) produces multiple pro-
ducts, i.e. electricity and heat at different pressure
levels. When heat is conserved in an industrial process
that is integrated into the CHP plant, energy conse-
rvation actions also influence the structure of energy
supply. Depending on the power plant construction,
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heat conservation is realized as reduced fuel consump-
tion (and emissions) or increased electricity produc-
tion. We showed in our previous paper [3] that the
definition of system boundaries affects considerably
the primary energy conservation and CO, reduction
achieved by a heat conservation investment. In addi-
tion, there are other uncertainties, such as the thermo-
dynamic value of different energy products and energy
prices.

CHP production has a high total efficiency, up to
90% or more, and thus consumes around 25% less fuel
than the separate production of heat and power [4]. In
order to allocate the benefit of CHP production, i.e.
fuel conservation between heat and electricity, many
different methods have been developed. First, different
allocation methods were used to price the heat and
electricity produced. Recently, the allocation of CO,
emissions in CHP power production has also became
an important issue. In both cases, the principle is the
same, i.e. the fuel consumption of the CHP plant is first
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allocated to the heat and electricity. The fuel allocation
is then multiplied by fuel costs to obtain the monetary
value of each energy product. Similarly, the fuel allo-
cation is multiplied by the appropriate carbon dioxide
emission factor of the fuel to determine the emissions
allocated to each product.

The cost allocation is needed when different products
of a CHP plant are sold to the market. In the case of an
industrial CHP plant, valuation of the process steam is
needed if the CHP plant is outsourced or the industrial
plant and CHP plant operate as separate profit centres.

The allocation of CO, emissions to electricity and
heat is not needed under the European Union Emissions
Trading Scheme (EU ETS), since the CO, emissions are
monitored on the basis of realized fuel consumption at
the installation level. However, to price the different
products of the CHP plant, the costs of EU allowances
(EUA) have to be allocated to each product.

Nowadays an increasing number of consumers are
interested in the environmental impacts and carbon
footprint of products. In order to calculate the specific
CO, emissions of different industrial products, the CO,
emissions of the electricity and heat consumed have to
be determined. Therefore, in CHP production the
emissions have to be allocated to electricity and heat.
In addition, many energy companies report the specific
emissions of their electricity production and utilize
environmental arguments in marketing.

Analogically, in life cycle assessment (LCA) and
environmental/carbon footprint analysis raw materials,
energy consumption, CO, emissions and other environ-
mental burdens have to be allocated to different pro-
ducts. Gonzalez et al. [5] stated that the allocation of
environmental loads in processes with several useful
products (co-products) is one of the most important and
frequent methodological problems to be tackled when
carrying out the life cycle inventory.

There are multiple methods for allocating costs and
CO, emissions to electricity and heat production in
CHP power plants, and they are well described in the
literature [6-8]. Liikanen [6] listed and compared the
following methods for allocating CO, emissions from
cogeneration systems:

. Energy method

. Exergy method

. Work method

. Alternative energy production method

. Method based on fuel consumption ratios of heat
and power

. Benefit distribution method

7. Method based on economic value of the products

(market-based method)

[ O R

[o)}

In addition to these methods, Rosen [7] mentions
allocation by agreement. This method is widely used in
industry where the steam from an industrial CHP plant
is used in an industrial production plant on the same
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site. Rosen also lists the allocation methods of incre-
mental fuel consumption to electrical energy produc-
tion and incremental fuel consumption to thermal
energy production. These are two different applica-
tions of the alternative energy production method. In
addition, Xue-min Ye [9] presents the reduced exergy
method, which is formulated by introducing the con-
cepts of the available anergy and reduced exergy. The
International Council of Forest and Paper Associa-
tions (ICFPA) [10] presents the simplified efficiency
method for allocating emissions from CHP plants.
This method is based on the use of assumed efficiency
for the production of power and steam.

Different allocation methods have been applied in
many studies. Among others, Gochenour [8] has com-
pared different methods for allocating variable costs in
the cases of coal-fired and natural-gas-fired CHP plants.
VTT [11] has analyzed the impact of the allocation
method on the efficiency of electricity generation in CHP.

Regardless of the high number of allocation methods,
there is no consensus on which method should be used;
rather, different methods are used in different countries
and for different purposes. In Finland, Statistics Finland
uses both the energy method and the benefit distribution
method for the purpose of compiling statistics [12].
Gochenour [8] recommends using the alternative heat
supply method and the benefit distribution method for
the cost allocation in Eastern European countries in
transition so as to ensure the competitiveness of district
heat production compared to the other heating alter-
natives. Rosen [7] feels that the exergy-based method is
the most meaningful and accurate of the allocation
methods. On the other hand, the market-based method
might seem attractive from the business management
perspective.

The aim of this paper is to estimate the value of heat
conservation in an industrial CHP plant by using differ-
ent methods for allocating fuel and CO, emission costs.
In this paper, the energy method, exergy method, benefit
distribution method and market-based method are
evaluated and compared from different decision-making
perspectives.

2. METHODOLOGIES

In this study different allocation methods are applied
to two different industrial CHP power plants, one
using natural gas and the other solid fuels for energy
production. Those CHP processes were analyzed with
Solvo®™, which is a commercial software application
for modelling and simulating the heat balances of a
power plant in steady-state conditions.

2.1. Different decision-making perspectives

Figure 1 presents the system boundaries considered in
this study. The pulp and paper mill in Figure 1 is
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Figure 1. System boundaries of a pulp and paper mill.

integrated with a CHP power plant at the mill site.
For simplicity, it is assumed that the CHP power plant
is capable of producing all the process steam and
electricity required by the mill. In addition, the CHP
plant is connected to the electricity market, so it can
either sell or purchase additional electricity.

There are three different perspectives to analyze
the effects of a heat conservation investment: from the
mill perspective (1), less process steam is purchased
from the CHP power plant; from the power plant
perspective (2), less process steam is fed to the mill,
which might affect the demand for external fuels, emis-
sion allowances and/or electricity sales/procurement;
and from the mill site perspective (3), reduced steam
consumption might affect the demand for external fuels,
emission allowances and/or electricity sales/procurement.
In this study, the costs of emission allowances are
included in the fuel prices.

The major difference between the perspectives is that
the process steam has to be valuated in perspectives
1 and 2, whereas in perspective 3 the process steam
does not cross the system boundary and thus its price is
irrelevant. In perspective 3, the energy prices can be
used as such, but in perspectives 1 and 2 the fuel costs
have to be allocated to each energy product using some
kind of allocation method.

Depending on the perspective, the profitability of
heat conservation may vary. In this study, the changes
in costs/revenues for each perspective are calculated
using the following equations:

Perspective 1: Mill

Changes in steam procurement costs
= (Eheal,Z - Eheat,l)Pheal (1)

Perspective 2. Power plant

Changes in revenues =(E¢, 2 — E¢l 1) Pl
+(Ehcut,2 - Ehcut,l)Phcat
- (Efuel,Z - Efuel,l)Pfuel (2)

Perspective 3: Mill site perspective

Changes in energy procurement costs
= (Eel2 — Ea)Pet — (Enuel2 — Efuet,1) Pract (3)

where Ejeq is the annual heat production/use, E the
annual electricity sales/procurement of the CHP plant,
Preat the price of heat, P, the market price of electri-
city and Pg the market price of the fuel. Subscript 1
refers to the situation before the heat conservation
investment and subscript 2 after the investment.

Equations (1) and (3) give a negative value if heat
conservation is profitable. Equation (2) gives a positive
value if heat conservation is profitable from the pers-
pective of the CHP plant.

2.2. Description of CHP processes

In this study the implications of heat conservation are
analyzed in two different CHP power plant cases.
The natural-gas-based CHP technology analyzed in
this study is based on the combined cycle gas turbine
(CCGT) process, while the solid-fuel-based CHP
technology is based on the Rankine cycle. The simpli-
fied process charts of the two CHP power plants are
presented in Figure 2.

In a CCGT plant, natural gas is combusted with
compressed air in the combustion chamber of the gas
turbine. The flue gas from the combustion chamber
expands through the gas turbine. The mechanical rota-
tion energy is converted into electricity in the gen-
erator. The hot exhaust gases from the gas turbine are
fed to the heat recovery steam generator (HRSG),
where high-pressure feed water is heated, vaporized
and superheated in the heat exchangers of the HRSG.
Superheated live steam is fed to the steam turbine,
where it expands through the turbine and produces
electricity in the generator. Extraction steam, at a
pressure of 11 bar, and backpressure steam, at a pres-
sure of 3.2bar, from the turbine are fed to the
industrial plant. The steam releases its heat to the
process by condensing and most of the condensate is
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pumped back to the feed water tank of the power plant
and thence into the HRSG. The process includes a
steam turbine condensing unit, which can be used to
produce additional electricity for the electricity market.

In the solid-fuel-based boiler, domestic solid fuels
such as peat and biomass are combusted in the boiler
to produce live steam for the steam turbine. The steam
cycle is like that presented above for the CCGT plant,
except that there is no steam turbine condensing unit.

Heat conservation at the pulp and paper mill affects
the operation of the two power plants in different ways.
In the case of the CCGT power plant, reduced demand
for process steam enables additional electricity produc-
tion in the condensing unit. In the solid-fuel-based
power plant, reduced steam consumption in the mill
reduces CHP electricity production and fuel consump-
tion. In reality, the reduction of CHP electricity pro-
duction is site specific but we assume here that the
reduction can be defined according to the power-to-heat
ratio of the industrial CHP plant. It is assumed that heat
conservation reduces marginal fuel (peat) consumption,
which also reduces the CO, emissions from the mill site
and the demand for emission allowances. Table I shows
the qualitative effects of heat conservation in both
power plant cases from the three different perspectives.

2.3. Efficiency and power-to-heat ratio

The European Commission has developed detailed guide-
lines for the calculation of the electricity produced by
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cogeneration [13]. The guidelines emphasize that it is
necessary to identify the electricity and heat that are not
produced in the cogeneration mode. Therefore, heat-
only-boilers, which in many cases are part of the on-site
technical installations, are to be excluded. Then, the total
efficiency of CHP production is calculated according to
Equation (4):
n = EnFergy.output )
uel input
If the total efficiency is higher than 80% in the
CCGT plant and in plants based on steam-condensing
extraction turbines or higher than 75% in the other
types of CHP plants, all the measured electrical energy
output and all the measured useful heat output can be
taken into account when determining the total effi-
ciency of the CHP plant. If the total efficiency is lower
than the reference values mentioned above, the power
unit can be split into two virtual parts, the CHP part
and the non-CHP part. For the CHP part, the actual
power-to-heat ratio can be defined according to
Equation (5) [13]:

Electricity produced

Power — to — heat ratio =
Heat produced

)

Then, the actual power-to-heat ratio can be used to
calculate the CHP electricity production during the
reporting period and the consequent primary energy
savings.

Air
- =y
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Figure 2. Industrial CHP plants considered in this study: (a) CCGT and (b) solid-fuel-based CHP plant.
Table I. The effects of heat conservation in two different power plant cases from three different perspectives.
Perspective 1: Mill Perspective 2: Power plant Perspective 3: Mill site
CCGT plant Reduced demand for process steam Reduced steam sales Increased electricity sales

at a pressure level 3.2 bar
Reduced demand for process steam
at a pressure level 3.2 bar

Solid-fuel-based
CHP

Increased electricity production
Reduced steam sales

Reduced peat purchase
Reduced purchase of EUAs
Increased electricity purchase

Reduced peat purchase
Reduced purchase of EUAs
Increased electricity purchase
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The power-to-heat ratio depends on the power plant
construction. Typical power-to-heat ratios for the
industrial CCGT and solid-fuel-based power plants are
0.9...1.0 and 0.2...0.3, respectively.

Usually, the heat demand of the industrial plant is
covered as a whole by its own heat production. The
CHP production process endeavours to utilize this heat
load in the best possible way and thus at least some
part of the mill’s electricity demand can be covered.
However, the electricity demand of an industrial plant
is seldom in balance with electricity production sup-
plied by the CHP plant. Therefore, in addition to being
integrated into the industrial plant, the CHP plant
might be integrated into the electricity market. More-
over, industrial plants might sell district heat to the
local community.

2.4. Descriptions of selected allocation
methods

In this paper, the energy method, exergy method,
benefit distribution method and market-based method
have been selected for evaluation. These four methods
are briefly described below.

2.4.1. Energy method. The energy method is the
simplest of the allocation methods. It divides the fuel
consumption based on the amounts of energy pro-
ducts. Therefore, fuel consumption is allocated to
electricity and heat according to the efficiency of the
CHP plant. In the energy method, fuel consumption is
allocated to electricity (F,;) and heat (Fy,) according to
the following equations [7]:

Eel
Fq= *F 6
el Ee1+Eth ( )
Ewn
Fp=——*F 7
R 7

where E, is electricity production, Ey, heat production
and F the realized fuel consumption in the CHP plant.
If a CHP plant can operate in condensing mode, the
fuel consumption of condensing power has to be sub-
tracted before utilizing the allocation method [6].
The price of the process steam is calculated as
follows:

Py = Fn * Prye (3)

2.4.2. Exergy method. Exergy is defined as the “useful’
energy, or the ability to do or receive work [14]. It can
also be viewed as a measure of the quality of energy.
Exergy is always destroyed in all processes because
processes are irreversible, generating entropy. When
emitted to the environment, exergy represents a
potential to cause changes in the environment, i.e.
environmental impacts [15]. The exergy method is
based on the general principles of exergy analysis
presented in the literature [14—18] and widely applied
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to thermodynamic evaluation of thermal power plants
[19-21].

In the exergy method, fuel consumption is allocated
to electricity and heat as follows [7]:

EXCl
Fi=——“ *F 9
o Ex +Ex ©)

EX[h
Fh=—"—"7—*F 10
th Exe +Ex (10)

where Ex. and Exy, denote electrical exergy and
thermal exergy, respectively.

Since the thermodynamic value of electricity is equal
to 1, electrical exergy is equivalent to electrical energy.
The thermal exergy can be calculated using the classic
exergy equation, as follows:

Ex = m[(h — hy) — To(s1 — $2)] (11

where 1 is the mass flow of process steam in this case,
hy is the specific enthalpy of the flow at the inlet, %, is
the specific enthalpy of the flow at the outlet, 7} is the
environmental temperature, s, is the specific entropy of
the flow at the inlet and s, is the specific entropy of the
flow at the outlet.

Contrary to the allocation method based on energy
content of products, the exergy method accounts for
the thermodynamic value of energy.

The price of the process steam is calculated
according to Equation (8) in a similar way as in the
energy method.

2.4.3. Benefit distribution method. By using the benefit
distribution method the benefits of CHP production
are divided between both electricity and heat. The
allocation is based on shared fuel savings between
electrical and thermal energy.

The benefit distribution method was developed in
Finland in the early 1990s for the cost allocation of
CHP production [6,22]. In this method, the fuels used
in CHP production are allocated to electricity and heat
in proportion to the fuel consumption for the alter-
native energy supply forms. The alternatives used are
condensing power production and heat production in a
heat-only boiler. The fuel consumption of the alter-
native forms of energy supply, F, for electrical energy
and Fy, for thermal energy, can be calculated according
to the equations below [6]:

Eq

Fy = (12)
Nel

Py =20 3
Nth

where E, is electricity production in the CHP plant, #;
the efficiency of the alternative form of electricity
production (condensing power), Ey, heat production
in the CHP plant and 5y, the efficiency of the alter-
native form of heat production (heat-only boiler). The
constant efficiencies of 39 and 90% are used for the
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alternative forms of electricity and heat production,
respectively. The efficiencies correspond to the average
existing energy production structure in Finland.

The realized fuel consumption in the CHP plant, F, is
divided according to the ratio of the fuel consumption of
the alternative energy supply forms, as follows [6]:

F

Fy=—% *F 14

SRR, (9
F

Fp=—20_x*F (15)
Fy+F,

Separate production of condensing power or heat
and their fuel consumption are subtracted before
utilizing the allocation method [6].

The price of the process steam is calculated in a
similar way as in the energy method and exergy method.

2.4.4. Market-based method. In Finland, both fuel
and electricity prices are determined in open energy
markets. By using the market-based method the heat
price can be determined on the basis of those two
prices. That method is used in the Finnish forest
industry. The formulas used here are modified based
on the description by Kilponen ez al. [23] of the pricing
of conserved steam.
The power-to-heat ratio is defined as follows:

Wel

QpTOCESS

Usteam = (16)
where W, is the power production and Qprocess is the
heat demand of the process.

There are usually two pressure levels for the process
steam (extraction steam and backpressure steam) in an
industrial CHP plant, and the power-to-heat ratio can
be separately defined for both steam pressure levels.
In this case, W, in Equation (16) represents the electri-
city available from the turbine when steam expands
from the pressure of live steam to the pressure of process
steam. In the CCGT plant, the power production of the
gas turbine must also be allocated to the power-to-heat
ratios of the process steams. For example, for back-
pressure steam the power-to-heat ratio can be calculated
as follows:

Hipp
1y

Wt +15Mg1op (s — Tip)

(17)

OCbp, seam mprocess(hl,process - h2,process)

where W, is the power produced by the gas turbine, 1
the mechanical efficiency of the steam turbine, #, the
efficiency of the steam turbine’s generator, /s the
enthalpy of the high-pressure live steam, /,, the enthalpy
of the backpressure steam, /1 process the enthalpy of the
steam used in the process and /i process the enthalpy of
the condensate coming back from the process. Mass flow
rins is the production of high-pressure live steam, 7, the
steam mass flow taken out of the turbine at the pressure
of backpressure and #iprocess the steam mass flow used as
process steam. The mass flow rit,, includes the mass flow
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used to heat feed water in the feed water tank and
therefore differs from the mass flow 71, rocess-

In the solid-fuel-based CHP, the term Wy, is zero.
As Equation (17) reveals, the power-to-heat ratios
can be calculated separately for the process steam at
different pressure levels.

If one energy unit of process heat is produced,
the power-to-heat ratio defines the amount of power
produced. The fuel consumption F can be defined as
follows:

ST
F=—""% (18)

Mprocess

where 7, is the mechanical efficiency of the turbine
and #process the process efficiency of the CHP plant.
The process efficiency in Equation (18) is calculated
using the following definition:

Wt W,
sy Wy 4
Mgy gl Qprocess

r’process - F (] 9)

where 7, is the mechanical efficiency of the gas
turbine, W the power produced by a steam turbine
and 75, the mechanical efficiency of the steam turbine.
For the solid-fuel-based CHP, the term Wy is zero,
and the process efficiency is equal to the boiler effi-
ciency with a good accuracy.

By multiplying Equation (18) by the fuel price we
obtain the operational costs of the CHP plant when
one energy unit of heat is produced. The CHP plant
also produces electricity and by selling the electricity at
the market price the price of heat produced becomes:

Olsteam
(1 + Hatllg ) Pfuel
Py =—-——

nprocess

— 0P (20)

where Pp, is the market price of fuel and P, the
market price of electricity.

In an industrial CHP plant, no explicit price for
process steam exists and therefore the method based on
economic value of the products has been adjusted to a
method based on the market prices of electricity and
fuel. The method described above has been used to
some extent in the Finnish pulp and paper industry.

3. RESULTS AND DISCUSSION

3.1. Base cases

In the theoretical analysis the effects of process
steam conservation on two different CHP plant cases,
a CCGT plant and a solid-fuel-based plant, were
studied. The effects of process steam conservation were
studied by reducing the low-pressure (3.2 bar) steam
consumption by 2MW. Calculation of the annual
changes was based on an estimated peak load hours of
8000ha .
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In the base case, the total efficiencies of the CCGT
and solid-fuel-based power plants are 90 and 88%,
respectively.

Table II shows the energy prices used in this study.
The fuel prices presented here include the EUA cost of

Table Il. Emission factors and energy prices used in this study.

CCGT plant  Solid-fuel-based
(natural gas) CHP (peat)
Emission factor (t MWhg,%) 0.198 0.381
EUA cost included in the fuel 1.98 3.81
price (euro MWhzs)
Fuel price including EUA cost 25 13

(euro MWhz k)

Electricity price (euro MWhg ") 40

S. Siitonen and H. Holmberg

10eurot™! CO,. Therefore, the emission factors used
for natural gas and peat [24] are also presented in the
table. The energy prices have varied a lot in the Nordic
energy market lately. So, the prices used in this study
represent typical prices over recent years.

Since the fuel prices presented here include the EUA
cost, the costs of CO, emissions are automatically al-
located to electricity and heat when the different allo-
cation methods are used.

The implications of heat conservation investment
are dependent on the perspective. In the mill where
energy production is integrated into industrial pro-
duction, the mill site perspective (perspective 3) gives
the whole picture and no cost allocation is needed.
However, when the mill and power plant are different
product centres, different allocation methods give
different results. Table III collects the changes due to

Table lll. The effects of heat conservation in the base case: electricity price of 40 euro MWh ™", natural gas price of 25 euro MWh ™'
and peat price of 13euroMWh™" (fuel prices include EUA price of 10eurot™).

CCGT

Solid-fuel-based CHP

Benefit
distribution
method

Energy
method

Exergy
method

Market-
based
method

Market-
based
method

Benefit
distribution
method

Energy
method

Exergy
method

Perspective 1: Mill
Steam conservation
(MWha™")

Price of 3.2 bar steam
(euroMWh ™)
Changes in steam
procurement costs
(euroa™)

16000 16000 16000

27.8 14.4

—-395679 —170791 —251843

Perspective 2: Power plant
Changes in steam sales
(MWha™")

Changes in fuel 0 0 0
consumption (MWha~")

Changes in EUAs (ta™") 0 0 0
Increase in electricity —3031 —3031 —3031
sales (—)/purchase (+)
(MWha")

Changes in revenues
(euroa™)

—-16000 —16000 —16000

—324037 —-115639 —149844

Perspective 3: Mill site

Changes in fuel 0
consumption (MWha™")

Changes in EUAs (ta™") 0
Changes in electricity —3031
sales (—)/purchase (+)
(MWha™")

Changes in energy
procurement costs
(euroa™)

—121231

16.9

16000 16000 16000 16000 16000

21.0 14.9 10.2 11.4 7.3

—352574  —-237744 —162663 —-183180 —116502

—16000 —-16000 —16000 —16000 —16000

0 23848 23848 23848 23848

0 —-9086
—3031 4862

-9086
4862

—-9086
4862

—9086
4862

—-135890 122189 —-47107 —67625 —946

—23848

—9086
4862

—115556
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DOI: 10.1002/er



S. Siitonen and H. Holmberg

heat conservation from the different perspectives for
two power plant cases.

From the mill perspective the heat conservation is
profitable regardless of the selected method. Since the
allocation methods typically overestimate the benefits
from the mill perspective—in some cases up to
200-300% compared to the benefits from the mill site
perspective—the power plant loses its revenues at the
same time. The only exception is the market-based
method in the case of solid-fuel-based CHP production,
which gives the same results from the mill and mill site
perspectives. In the case of the CCGT plant, the exergy
method seems to be the best method, although it, too,
overestimates by around 40% the benefits from the mill
perspective compared to the mill site perspective.

3.2. Sensitivity analyses

Sensitivity analyses were made by varying the fuel
and electricity prices. The electricity price was varied
from 20 to 60 euro MWh™!, the natural gas price from
15 to 35euroMWh ™! and the peat price from 10 to

Sensitivity: electricity price
(with the natural gas price of 25 euro/MWh)

Estimating the value of energy

22 euro MWh™'. The fuel prices here include the costs
of emission trading and the highest fuel prices of 35
and 22euroMWh™! are expected to occur in the
situation where the EUA price is 30eurot™' CO». In
the Nordic electricity market, coal-based condensing
power is marginal most of the time and there is no
dependence between electricity price and the prices
of natural gas and peat. Therefore, in principle, there
can be situations where the electricity price is high and
fuel prices are low, and vice versa. However, since the
EUA price strongly affects the electricity price in the
Nordic electricity market because of the carbon pass-
through effect, the combination of low electricity price
and high fuel prices is not so common, but might
happen in the circumstances of an excellent hydro-
logical year.

Figure 3 shows the results of the sensitivity analyses.
The mill perspective (1) of different allocation methods has
been compared with the mill site perspective (3).
If the curves are above the x-axis the method overesti-
mates the benefits from the mill perspective compared
with the mill site perspective. On the other hand, the

Sensitivity: natural gas price
(with the electricity price of 40 euro/MWh)
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Figure 3. Sensitivity analyses: (a) CCGT, natural gas price of 25 euro MWh™"; (b) CCGT, electricity price of 40 euro MWh™"; (c) solid-
fuel-based CHP, peat price of 13euro MWh™"; and (d) solid-fuel-based CHP, electricity price of 40 euro MWh™".
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curves below x-axis show that the benefits are greater from
the mill site perspective than from the mill perspective.

In the CCGT plant, heat conservation does not re-
duce fuel input and all revenues come from the in-
creased electricity sales to the market. From the mill
site perspective, this means that revenues from heat
conservation depend only on the market price of
electricity and not on the fuel price. As the calculation
results in Figure 3(a, b) show, all allocation methods
give a different value for the heat conservation in-
vestment from the mill perspective and mill site per-
spective. With an increasing electricity price and
decreasing fuel price the difference between the mill
and the mill site perspectives is lower. In the market-
based method the difference becomes negative, which
means that this method underestimates the benefits
from the mill perspective with high electricity prices
and low natural gas prices.

In the case of a solid-fuel-based power plant, heat
conservation in the mill reduces electricity production,
which has to be compensated by purchased electricity
from the market: the higher the market price of elec-
tricity, the more money will be lost by the power plant.
In some cases, the market-based allocation method
may give a negative price for heat, which means that
heat conservation is not profitable.

The market-based method allocates the costs cor-
rectly—the profitability of a heat conservation invest-
ment seems similar from the mill and mill site
perspectives. When other allocation methods are used,
the heat price is only based on the fuel price. On the
basis of the results (Figure 3(c, d)) energy conservation
seems more profitable from the mill than the mill site
perspective—the electricity price does not affect the
cost allocation and the higher the market price of
electricity, the higher the electricity purchase costs
from the power plant perspective.

Figure 4 compares different methods with different
combinations of electricity and fuel prices. The figure
shows both the mill perspective compared with mill site

Electricity price

euro/MWh
1 /3 Benefit distribution 60 1/3 Exergy
2 /3 Market based 2/3 Exergy
15 1/3 Exergy 35 .
» Natural gas price
2/3 Exergy euro/MWh
1/3 Exergy 1/3 Exergy
2/3 Exergy 20 2/3 Exergy

(a)
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perspective (1/3) and the power plant perspective
compared with the mill site perspective (2/3).

When the heat conservation investment from the mill
site perspective is compared with the mill and CHP plant
perspectives, the exergy method is, in the case of the
CCGT plant, the best way to valuate the heat. The other
methods give better results only when the natural gas
price is low at the same time as the electricity price is high.

The results are different in the case of the solid-fuel-
based power plant, where the market-based method is the
best method. The market-based method is not the best
method for the CCGT because its mode of operation is
not dependent on the process heat demand, i.e. the con-
densing unit produces additional electricity. In the cases
where the exergy method allocates costs to electricity
production in excess of the market price of electricity, it
gives the best results from the power plant perspective
also in the case of the solid-fuel-based CHP; therefore,
heat conservation would be profitable from the power
plant perspective because it is cheaper to buy electricity
from the market than to produce it in the power plant.

The case study examples reveal that the most suitable
valuation method for heat depends on the
power plant type. If the CHP plant has only a back-
pressure turbine without a condensing unit, the market-
based method must be recommended, because it gives
the same result for the heat conservation investment
from the perspective of the mill and mill site. If the
CHP plant is equipped with a condensing unit, the
choice of method for the valuation of heat is not so
obvious. In the case studies the exergy method is the
best method in most cases, but it is noteworthy that
the value of the heat conservation investment is not the
same from the mill and mill site perspectives.

4. CONCLUSIONS

There is no consistent way to estimate the value of heat
conservation in industry, and not just one useful

Electricity price

euro/MWh
1/3 Market based 60 1/3 Market based
2/ 3 Market based 2/3 Market based
10 1 /3 Market based 16 )
Peat price
2/ 3 Market based euro/MWh

1/3 Market based 1/3 Market based

2/3 Exergy 20 2/3 Exergy

(b)

Figure 4. The best methods from the mill (1/3) and power plant (2/3) perspectives with different combinations of electricity and fuel
prices: (a) CCGT plant and (b) solid-fuel-based CHP plant.
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method for allocating costs to heat and power. Instead,
the most suitable method may vary, depending on (1)
the system boundary selected, i.e. the decision-making
perspective, (2) the type of CHP plant and (3) energy
prices. Based on the results of this study, the exergy
method fits well with the CCGT plant with a
condensing unit and constant fuel input. On the other
hand, it is reasonable to conclude that the market-
based method is the most correct way to valuate the
heat price when heat conservation reduces the produc-
tion of CHP electricity. Both the energy method and
the benefit distribution method typically used in
Finnish industry overestimate the profitability of heat
conservation investments from the mill perspective.

In the cases where the power plant is not outsourced,
the allocation problem can be avoided by using the
wider system boundary of the mill site. However, if
decision-making is not possible at the mill site level and
the costs have to be allocated to heat and electricity,
the differences between the allocation methods should
be understood and the most suitable method for each
case should be selected on the basis of an analytical
review of different allocation methods.

NOMENCLATURE

CCGT = combined cycle gas turbine
CHP = combined heat and power
E = energy production (J)

EUA = EU allowance

EU ETS = European Union Emissions Trading
Scheme

Ex = exergy (W)

F = fuel consumption (J)

HRSG = heat recovery steam generator

h = specific enthalpy (J kg™")

ICFPA = International Council of Forest and

Paper Associations
IEA = International Energy Agency
= life cycle assessment
= mass flow (kgs™!)
= price (euro MWh™")
= price of energy product (euro MWh™!)
= temperature (K)
= specific entropy Jkg 'K
= power output (W)

Te NS IR
>

Greek letters

o = power-to-heat ratio

n = efficiency (%)
Subscripts

0 = environment

1 = inlet/starting situation
2 = outlet/end situation
bp = backpressure

Int. J. Energy Res. (2010) © 2010 John Wiley & Sons, Ltd.
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c = condenser pressure
el = electrical energy

g = generator

gt = gas turbine

Is = live steam

max = maximum

st = steam turbine

th = thermal energy
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