LCOE models: A comparison of the theoretical frameworks and
key assumptions

Prof John Foster,
Dr Liam Wagner,

Alexandra Bratanova.

Funded by:
CSIRO Future Grid Flagship Cluster

Project 3: Economic and Investment Models For Future Grids



1. Introduction

LCOE models are widely applied at national and regional levels for the energy systems design, energy
generation projections and technology assessment. Although LCOE is a well developed and standard
technique in the energy sector economics, authors approach model construction in different ways to
ensure the model matches research tasks and data availability. The LCOE model is interdependent
with the data availability — data determines the construction of LCOE model and vice-versa— LCOE
model defines what data is required for calculations. However, adjustments made to the standard
LCOE comes at a price of limited comparability of the outcomes from the different models.

The following section introduces few well known LCOE models developed for national governments
with further comparison of basic assumptions in order to determine theoretical framework and
datasets to be allied in the project. The next section then will provide the results of comparative
analysis of the LCOE models key assumptions, concentrating on capital costs, discount rates and
technology learning curves.

2. US LCOE model and Transparent Cost Database

The US government Office of Energy Efficiency suggest levelised costs models for generation
(LCOE), vehicles (LCOD - levelised cost of driving) and fuel (LCOF - levelised cost of fuel). The
associated datasets are combined in the Transparent Cost Database (US DOE & NREL, 2013) and
Open Energy Information online database - OpenEl (US DOE, 2013)). The OpenEl provides
historical data analysis for energy generation as well as projections for newly installed capacity,
allows for graphical representation of modelling results (box and whisker, scatter etc.).

Theoretical basis for the levelised cost models used by US DOE and NREL and applications is
formed by the economic evaluation for energy manual by Short et al (1995). It traditionally defines
LCOE as a cost assigned to every unit of energy produced and suggests its calculation as a discounted
version of total life-cycle cost (TLCC). The costs accounted for in the TLCC calculations are
investment costs, salvage values; nonfuel O&M costs, replacement costs and energy costs. The DOE
model outline and major parameters are presented in the table 1.



Table 1 LCOE model by US DOE (NREL)

Parameter | Function, interpretation

_ Capital Cost*CRF*(1- T*Dyy ) N Fixed O&M
8760*Capadty Factor*(1- T) 8760*Capaity Factor
+ Fuel Price*Heat Rate
Fo D*(1+D)"
@+D)" -1
CRF — capital recovery factor, turning capital costs into annual values (if capital is financed at discount
rate D)

LCOE + variableO&M +

Variables
Notation Definition Assumed value
D Discount rate 0.07 (real)
N Lifetime of investment | 30 years for the new plants
Dpv Present value of In line with the US Modified Accelerated Cost Recovery
depreciation System (MACRS) schedule®
Capital Cost of the plant Specific for technology types
cost construction
Fixed O&M cost of the plant | Specific for technology types
0O&M per capacity
Variable | O&M of the plant per | Specific for technology types
O&M unit generated
Fuel Price | Fuel cost of the plant Fuel prices assumptions:
Bio Gas - 4.67; Biomass — 2; Coal - 2.11; Natural Gas - 4.67;
Oil-Gas-Steam - 4.67; Uranium - 0.5 ($/mmBTU)
Heat Rate | energy content of fuel | Specific for technology types
used per kWh
generated
T Tax rate 39.2%

Source: (Short et al., 1995; US DOE, 2013; US DOE & NREL, 2013)

'Values: for RES (excluding hydropower) - 0.83155; for combustion turbine and nuclear - 0.59476; for
combined cycle, coal, and hydropower - 0.54407.




3. California Energy Commission Cost of Generation Model (2012)

CEC LCOE model (Cost of Generation model (CEC, 2010b) is a well developed and widely used
model which is frequently referred to in various studies (EEE Inc., 2010; Gifford, Grace, &

Rickerson, 2011). CEC LCOE algorithm is straight forward — it assumes calculation of annual costs of
generation for each technology (Ct) with further transformation of annual costs into the present value
(sum of discounted annual costs). Technically LCOE is traditionally defined as a present value of
annual generation costs calculated per unit of energy output. CEC model allows for calculation of
LCOE for the plants types different in ownership: merchant owners, IOUs, or POUs with associated
differences in financing. The financing assumption especially tax credits are claimed to be affecting
cost parameters as well as associated risks (CEC, 2010a, 2010b).

Another resource developed by Californian authorities and widely referenced in the literature are
publications by the California Public Utilities Commission (CPUC) working toward 33% renewable
energy goal for California by 2020 within California's Renewables Portfolio Standard (CEC).

Table 2 CEC Cost of generation model

Parameter

|

Function, interpretation

L Cost , r<(1+r)’

FOR A Gy @ -
Costs - o . .
Definition Assumed value / definition / interpretation
component
Capital and Construction and costs | Including:
Financing of financing - land purchase and development;
- permitting including emission reduction credits;
- power plant equipment;
- interconnection including transmission costs; and
environmental control equipment.
Insurance The cost of insuring Costs are based on an estimated first-year cost,
the power plant escalated by nominal inflation throughout the life of
the plant.
The first-year cost - percentage of the installed cost per
KWh
Ad Valorem Property taxes Property tax calculated as a percentage of the assessed
value
Fixed O&M Costs independent of Include:
output level - staffing,

- overhead and equipment (including leasing),
- regulatory filings, and
- miscellaneous direct costs.

Corporate Taxes

State and federal taxes

Corporate taxes are state and federal taxes

Fuel Cost cost of fuel, most Including:

commonly expressed - start-up fuel costs,

in $MWh - on-line operating fuel usage.
Variable Costs which are a Include:

Operations and
Maintenance

function of the number
of hours a power plant
operates.

- yearly maintenance and overhauls;
- repairs for forced outages;
consumables (non-fuel);

water supply; and

annual environmental costs.




4. Department of Energy and Climate Change (UK Government)

electricity costs model

LCOE calculation in DECC model consists of few steps (DECC, 2013). The theoretical framework
for the DECC LCOE model and main assumptions are detailed in several subsequent publications
(MacDonald, 2010; PB, 2012, 2013). The model uses wide range of sources to construct the dataset
with assumptions for technologies under consideration. The LCOE construction procedure and major
parameters are shown on the table.

Table 3 UK DECC electricity costs model

Parameter | Function, interpretation

L COEestimate= NPV of TotalCosts where

NPV of Electricity Generation

total capexandapexcosts

NPV of TotalCosts=§ , (1+ discountate)”

. . .. hetelectricity generatio
NPV of ElectricityGeneratiorF g |, - yg . d
(1+ discountrate)
n—time period
Costs - - . .
Definition Assumed value / definition / interpretation
component
Capex costs Construction costs Capex include:

- Pre-development costs;
- Construction costs; and
- Infrastructure costs (adjusted for learning)

Opex costs O&M costs Opex costs:

- Fixed opex (adjusted for learning)
- Variable opex

- Insurance

- Connection costs

- Carbon transport and storage costs
- Heat revenues

- Fuel prices

- Carbon costs

Other input Capacity of plant
parameters of the | Expected availability
model Expected efficiency

Expected load factor

Source: (DECC, 2013)




5. Bureau of Resources and Energy Economics (BREE) Australia Energy
Technology Assessment (AETA) model

BREE AETA model has been developed specifically for Australian conditions and provides cost
estimates for 40 electricity generation technology types. The mathematical foundation of the model is
similar to those shown for the LCOE models previously although the formulas provided are more

extended.
Table 4 BREE AETA LCOE model
Para Function, interpretation
meter
It Investment I, = Capital Cost* NetPlant Output*1000
expenditure
in the year t
Mt Operations M, = Fixed O & M * NetPlantOutput+ VariableO & M * NetPlant Output* hoursin year
and

» CapacityFactor CarborrPrice ™ 7En;503(;ons* NetPlant Output™ hoursin year

maintenance 100
9xpend|ture a Emissions 8
in the year t CapacityFactor 2 1000 EmiSSiOﬂ%
*——— = ——— + Sequestrabn Costs* — - -
100 % Emission€apturedg 1000 ©
- 0 0
cC 100 = -
* NetPlantOutput™* hoursin year*w
Ft Fuel . F, = FuelCost* NetPIanthtput *hoursin year* CapacityFactor
expenditure ThermalEfficiency 100
in the year t 100
Et Electrlc_lty . E, = NetPlantOutput* hoursin year*—CapacnyFactor
generation in 100
the year t
r Discount rate | The 10% discount rate is applied for all technologies
n Amortisation | Specific for technology types

period

Source: (BREE, 2012)

6. LCOE Model by Wagner, Foster

The LCOE model by Wagner and Foster is outlined in the Table 5. As opposed to other reference
models, the LCOE by Wagner and Foster accounts for the inflation pass through rates separately for
revenues and operating costs.

Capital maintenance costs are also specific feature of this LCOE model since the costs of
capacity maintenance are assumed to compensate for the capacity depletion.

Emissions intensity of each technology as well as emissions liability of generating assets
form cost of emissions liability in the model. Another specific feature of model is that it
accounts for the liability according to the Australia's renewable energy target for some
technology types within the RE(t) factor.




Table 5 LCOE Model by Wagner, Foster

Parameter |

Function

Interpretation

Costs parameters

Fixed
operating and

Fixed operations and maintenance
costs include costs are independent of
the electricity output level including
labour and the associated overhead

maintenance | T oM ¢ D), = FOM(®); @®PI(t)c costs;

costs equipment (and leasing of equipment),
regulatory compliance, and
miscellaneous costs
Variable O&M costs is a function of

Variable the_costs of operatior)s and

operating and ) ) maintenance proportional to the

VOM(t +1); =VO((t); BAt); @PI(t). electricity output level, including:

maintenance
costs

- forced outage repairs,
- startup cost, and
- cost of water.

Fuel costs for each technology type

4HR *CF, *FC(t), @ .. "
Fuel cost Fuel(t), =& aG®qt); @PI(t) accounts for the non-revenue pass
1000 9 i .
¢ ' through rate of inflation
The total cost of emissions liability is
Emissions EL(t); =SAt); * EIF; *C(t)*CPI(t). *CL;| based on emissions intensity factor
liability (EIF;), carbon price C(t), and the
emissions liability (CLj)
Payments according to the Australian
Renewable s the renewable energy certifcate
iy — C* * * ]
certificate RE(D), =SQY, *READ*CPIMR"REE, | 1 and RE reflects the eligibility
payments .
of a generation technology to be
awarded the certificate
TOQ(), = Fuel(t), + FOM(t); +VOM(t), +CM(t); + | Total costs are formed from the costs
Total costs of the listed types

+EL(t), - RE(Q),

Capital costs

Capex

Capital costs

Capita
maintenance
costs

CF,; @apex Pl
ife

M), =(

Capacity degradation is assumed to be
overcome via capacity maintenance
with associated costs

Output and re

venue parameters

Energy
produced (per
annum)

sizg *CF, *8670* (L- Aux,)
oM, = 1000

SOR(t); =SO(t); @PI(t),

The sent out energy forms revenue
stream projections accounting for the
revenue inflation pass through rate,
auxiliary energy use

Consequently the theoretical framework for all the reviewed models as well as for other LCOE based
research models (e.g. World Energy Model (IEA, 2012a, 2012b) are similar in foundation, with only
differences in the calculation stages, some variables and assumptions used.

CEC COG LCOE model is a well developed tool with transparent calculation procedures which can
be used as a basis for the project. However, LCOE construction should be adjusted to the needs of the
project given data availability and given specific objectives of this study. LCOE by Wagner and
Foster being close to CEC COG in construction but being developed for Australian conditions makes
the best choice in the model selection for the purposes of the Future grid project.




BREE AETA model’s dataset being specifically developed for Australian energy system is optimal to
be used in the project since it reflects macroeconomic parameters and specific technological features

to build projections for Australia.

Other models and datasets should be used for assumptions and results validation.

7. Comparison of the key assumptions of LCOE models
Table 6 provides a summary of the key technical and economic assumptions used in the reference
models.



TCDB, OpenEl,

Au_tho_r / Annual Energy Cost of Generation AETA 2012 AEGTC 2010 Electricity generation LCOE model
Institution model model costs model
Outlook 2013
Parameter | Specification US DOE Californian Energy Bureau of EPRI (Electric | Department of Energy Wagner, Foster
US Energy Commission Resources and Power Research | and Climate Change | (Wagner, Foster, &
Information Energy Institute) (UK) John, 2011)
Administration Economics MottMacDonald
Plant characteristics
Capacity Capacity (size)| Installed capacity Gross capacity (MW) | Capacity Size Capacity of plant Size (capacity)
Capacity Capacity factors Capacity factors Capacity factor Capacity factor | Load factor (?) Capacity factor
factors (min, average, max)
Capacity Capacity degradation | - - - Capital
degradation maintenance rate
Heat rate Heat rate Heat rate Heat rate Thermal Heat rate Expected efficiency” Heat rate
Thermal efficiency efficiency
Heat rate - Heat rate degradation | - - - Heat rate
degradation degradation
Evolving heat rates
Outage Forced outage | Availability Forced Outage Rate | - - Incorporated into
Scheduled factor(incl. planned Scheduled Outage - - the capacity factors
outage or unplanned Rate
outages)
Losses and | Auxiliary use Plant Side Losses Auxiliary load Auxiliary power | - Auxiliary energy

auxiliary use

consumption

use

Other losses

Transformer Losses

Transmission Losses

Plant life 30 years — cost - Amortisation Plant life Plant lifetime Life

recovery period for period — 30 years

all generation types®
Technical Learning factor Not clearly stated, Capital learning Learning curve | Learning rate Improvement in
improvement (reduction in capital) | but assumed for solar | rate (Grubb curve) capital costs
(learning Technology and wind
rates) Optimism technologies

The“Expected

efficiency™ param

ter Is mtroduced i the £C

* Unless specified for individual power plants.

E model-outhme;, butass

TIPIOIS OIT ItS aSSUITe

1 1 3l - +l - + | e
valtues are not proviueu 1T e manT report 0y ecc.




Costs of carbon emissions

Emissions | Emission CO2 generated in Emission factors Emissions factor Emissions intensity
factors tons per MWh factor — emissions
liability
CO2 capture rate | CO2 capture
rate (85-90%
with CCS)
Carbon price Carbon price CO2 emission Carbon costs Carbon price
cost (carbon
price)
Carbon CO2 storage cost | CO2 transport Carbon transport and
storage and storage storage costs
costs
Certificates - Renewable energy
certificate price
RES certificate
liability
Other 3% increase in the -
capital cost added
for investments in
GHG intensive
technologies without
CCS
Cost data
Capital costs| Overnight cost | Overnight capital Instant Cost ($/kW) | Capital Capital costs Construction costs Capex

cost

Installed Cost ($/kW)

Owner’s cost

Owner’s costs

Predevelopment costs

Included as a part

excluded of capex

Infrastructure, | - Transmission - Excluded Infrastructure cost Connection charges
connection, interconnection costs (adjusted over time for | form a part of
transmission learning), connection | capex
costs costs
Other Multiplication factor Labour Project

to original overnight productivity rate; | contingency and

capital cost allow for commodity / process

contingency

equipment effect

contingency

10




Capital recovery
factor - varies by
technology

from GDP growth
rate; gas price
commodity
sensitivity; gas
price sensitivity
on local
equipment;
carbon price
equipment
sensitivity

costs
Labour
productivity rate

Decommissioning costs

Excluded

Excluded

Excluded

Decommissioni

Decommissioning

Excluded

ng costs fund costs

Construction period Lead time - Number | Construction Period | Construction Construction Pre-development Construction time
of years required to (Yrs) profile (shares of | period (not period, construction (and profile)
build costs over commented) period

construction
period)

Storage Number of hours of CO2 removal
storage at full maturity
capacity;
Storage efficency

O&M FOM Fixed operating and | Fixed O&M ($/kW) | FO&M fixed O&M Fixed opex FOM
maintenance costs
dollar per kilowatts*

VOM Variable operating Variable O&M VO&M variable O&M Variable opex VOM
and maintenance ($/MWh)
costs dollars per
megawatts
Other All inclusive - -
operating and
maintenance costs
Financial assumptions
Debt, Loan/Debt Term Dept (cost and |

* Separate assumptions are done for labour and material costs

11




Equity, Loan (ears), Econ/Book return)
Life (Years)
Tax Federal and Included into the real | Federal Tax Rate Federal and Accounted for in
state taxes after tax WACC (%);State Tax Rate state income tax | Effective tax rate the WACC
calculation. Tax rate | (%);Federal Tax Life rate (30%) calculations
of 0.392 is applied (Years); State Tax
Life (Years);
Other Tax Credits; Ad -
Valorem Tax; Sales
Tax
Discount Real after tax WACC Discount rate Discount rate Discount rate WACC
rate WACC- 6.6% (AEO based on
2013) WACC
discount rate of 7%
(TCDB)
Fuel cost Price Cost of fuel Fuel Cost Fuel cost Fuel prices Fuel prices Fuel prices
($/MMBtu)
Other Heat Rate for fuel Heating values
(Btu/kWh) for fuels
Output Exchange rate Annual MWh Expected Availability | Sent out energy
assumptions forecast produced Expected Efficiency accounting for
Expected Load Factor | inflation rate and
pass through rate
Other Insurance Commodity Insurance
assumptions O&M Escalation variation Hurdle rates for
Labor Escalation Labour renewable
productivity rate technologies Heat
variation revenues for CHP

technologies

Table 6 Key assumptions of the LCOE models

Source: (BREE, 2012; CEC, 2010a; MacDonald, 2010; PB, 2013; US DOE & NREL, 2013; US EIA, 2013a, 2013b, 2013c; Wagner et al., 2011)

> Effective tax rates (ETR) are estimated with the reference to post tax WACC, accounts for tax credit options for renewable technologies, hence rates are specific for each

technology type.
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8. Comparative analysis of assumptions for generation costs in different
LCOE models

Capital costs

Capital cost is one of the major LCOE components which often determines technology adoption
perspectives. Capital costs assumptions, however, vary significantly in the LCOE models. AETA
report provides results of the comparative analysis of capital costs estimates for six LCOE models® for
two time periods: current and 2030. The comparison reveals evident costs assumptions differences,
especially for the solar based (PV and solar thermal) and geothermal technology plants (fig.1). The
capital costs for the IGCC plants upgraded with CCS also show larger spread for both brown and
black coal based plants as opposed to simple IGCC plants.
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Figure 1 Capital cost assumptions comparison for LCOE models based on AETA for selected technology
types (BREE, 2012)

® AETA, EPRI and ACIL Tasman studies, studies by ROAM and SKM-MMA for Treasury, and by the
International Energy Agency (IEA), based on US costs.
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Variation in the capital costs assumptions in LCOE models can be partly explained by the variation
technological data used for the models. At the same time capital costs definitions and components

of

differ as well determing discrepancy of the capital costs estimates. Capex can include or exclude land
values, loans, decommissioning costs and other components. The capital costs according to the CEC
COG include land purchase and development; permitting; the power plant equipment; interconnection
and transmission costs; and environmental control equipment (CEC, 2010a, 2010b). The capital cost

components of the same list form capital cost for technology types in the LCOE model by Wagner
and Foster (Wagner et al., 2011).

The spreadsheet based CEC COG model provides assumptions for construction costs components for

different technologies, allowing the model user to add assumptions for land costs (acreage, cost of
acre, land preparation costs); development costs (predevelopment expenses, construction insurance
and installation; commitment fee); permitting costs (local building permits, environmental permits,
emission reduction credit costs); interconnection costs; air emission costs (CEC, 2010b). Shares of

capital costs including construction, financing, ad valorem and insurance in the fixed costs according

to the assumptions used by the CEC COG model are shown in the graph (fig.2).
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Figure 2 Fixed cost components by CEC COG model including capital costs (data sourced from CEC (2010a)).
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BREE AETA model separates direct capital costs which include engineering, equipment procurement
and construction from indirect costs including owner’s costs. They also account for local and
imported equipment separately which require provision of equipment and labour splits in the model
for each technology specifically. However, transmission and connection charges are excluded from
the AETA analysis as well as costs of loans for the period of construction (BREE, 2012). As opposed
to the AETA model, CEC COG model accounts for building loans costs as a part of installed costs.

As opposed to BREE AETA model LCOE by EPRI excluded owner’s costs from the capital
costs. According to their report, however, capital costs include equipment, materials, labour (direct
and indirect), engineering and construction management, contingencies (process and project), and
allowance for project specific costs. Interestingly, contingency also incorporated in the US DOE
TCBD model allowing to account for uncertainty associated with the capital costs of the projects as
well as with the technology development (EPRI 2010).

DECC (UK) model assumes pre-development costs separately from the construction costs. Table 6
and figures 3-5 illustrate assumptions for some technology types allowing for the analysis of cost
components for different generation plants. However, for many other technologies (e.g. tidal
technologies, sewage gas, energy from waste, solar, hydropower) DECC report includes pre-
development costs into the construction costs (DECC, 2013).

The ratios of pre-development costs to construction costs vary dramatically between technology types
as well as depending on the costs scenario under analysis. At low costs for CCGT pre-development
makes only 1% of constriction costs, whether high costs scenario changes this figure to nearly 3%.
The highest shares of pre-development costs are observed for bioliquids plants for which in the high
costs scenario pre-developments makes more than a half of construction costs, however in the
medium and low costs scenarios the ratio decreases to 22.5% and 6% respectively.

Even more detailed specification of the capital costs components is provided by the US EIA report

(EIA 2013; EIA 2010) updating capital costs estimated for the NEMS (National Energy Model

System) used for the development of the US DOE annual energy outlooks. The capital or overnight

costs for each generating technology are presented as a sum of engineering, procurement and

construction cost (EPC) and owner’s costs. EPC include the following costs categories (EIA

2013):

9 Civil/structural material and installation,

1 Mechanical equipment supply and installation,

1 Electrical instrumentation and controls supply and installation,

1 Project indirect costs (including (engineering, distributable costs, scaffolding,
construction management, and start-up), and

1 Fees and contingency.

The shares of the listed components for the main generating technologies are summarized and
presented in figure 3. As expected mechanical equipment supply and installation present the
main cost component for all the technologies except from hydro based ones where the major
share is presented by structural material and installation. Owner’s costs play important role
for all the plant types, but especially for the offshore wind.
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Figure 3 Cost components shares for main generating technologies by EIA (U.S. DOE) (EIA 2013).
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Table 7 Capital costs components according to UK DECC model (DECC, 2013; PB, 2012, 2013)

Parameters Costs OCGT | CCGT Coal Onshore | Offshore | Geothe | Land | Biomass Co- Co- Bioliqu | AD ACT ACT
scenario CHP IGCC >5 MW (round rmal fill conversi | firing firing ids Standar | Advanc
Gas - with CCS 2) on Conve | enhance d ed
CCGT (FOAK) ntional d
Pre- High 20 30 75 60 240 120 300 210 |60 7 60 1040 | 580 | 1005 1000
‘(j:)’lf\}\‘/’)pmem Medium | 10 20 50 50 100 70 140 [ 130 |60 5 60 180 | 180 | 360 410
Low 5 20 30 45 30 50 50 30 60 2 60 30 50 165 170
Construction | High 700 300 700 3800 1800 2900 6700 | 3400 | 700 170 700 1900 | 7200 | 10100 | 6900
costs (£/kW)  "NMedium | 600 300 600 3300 1500 2500 4600 | 2000 | 400 120 400 800 4000 | 5600 6800
Low 500 200 500 2700 1100 2100 2300 | 1000 | 300 40 300 500 1700 | 900 5100
Total capital | High 720 330 775 3860 2040 3020 7000 | 3610 | 760 177 760 2940 | 7780 | 11105 | 7900
costs Medium | 610 320 650 3350 1600 2570 4740 | 2130 | 460 125 460 980 4180 | 5960 7210
Low 505 220 530 2745 1130 2150 2350 | 1030 | 360 42 360 530 1750 | 1065 5270
Ratio (pre- | High 2.9% 10.0% | 10.7% | 1.6% 13.3% 4.1% 45% | 6.2% | 8.6% 41% | 8.6% 547% |81% | 10.0% | 145%
S:"e")pme”t Medium | 1.7% 6.7% |83% | 1.5% 6.7% 2.8% 3.0% |65% | 15.0% 42% | 15.0% 225% | 45% | 6.4% 6.0%
construction) | Low 1.0% 100% |6.0% | 1.7% 2.7% 2.4% 22% | 30% |200% |50% |200% |60% |29% |183% |3.3%
Share of pre- | High 2.8% 91% | 9.7% | 1.6% 11.8% 4.0% 43% |58% | 7.9% 40% | 7.9% 354% | 7.5% | 9.0% 12.7%
gg‘s’g"’lﬁnzggl Medium | 1.6% 63% | 7.7% | 1.5% 6.3% 2.7% 3.0% |6.1% | 13.0% 40% | 13.0% 184% | 4.3% | 6.0% 5.7%
capital costs | LOW 1.0% 91% |57% | 1.6% 2.7% 2.3% 21% | 29% |16.7% | 48% | 167% |57% |29% |155% | 3.2%
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Figure 4 Shares of the capital cost components in the UD DECC LCOE model assumptions for the high
costs scenario (data source from DECC (DECC, 2013)
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Figure 5 Shares of the capital cost components in the UD DECC LCOE model assumptions for the
medium costs scenario (data source from DECC (DECC, 2013)
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Figure 6 Shares of the capital cost components in the UD DECC LCOE model assumptions for the low
costs scenario (data source from DECC (DECC, 2013)

Cost of insurance is accounted for in the Electricity cost model by DECC (UK) and CEC COG model.
However, AETA model doesn’t include insurance into the costs structure (except from insurance
associated with CO, storage) (DECC, 2013; MacDonald, 2010; PB, 2013).

Both AETA and CEC COG models exclude decommissioning costs from the assumptions as opposed
to DECC model which incorporates decommissioning in the cost structure. However, the assumed
values for decommissioning costs are zero for all the technologies modelled by DECC except from
nuclear. As opposed to other LCOE model by IEA suggests assumptions for decommissioning costs
for all the technologies (hot only nuclear) (IEA, 2012a, 2012b). In fact IEA model incorporated
decommissioning costs as well as I" residual valueA which can be obtained after operating the
lifetime of a plant (iron, scrap value, left-over carbon permits, etc.). Values for specific technologies
were assumed whenever possible, otherwise the default values were used for decommissioning costs:
15% of construction costs for nuclear energy plants; 5% of construction costs for other technologies.

Another specific feature provided by the DECC model is heat revenues which are assumed to be
collected by the generation plants working in combined heat and power (CHP) generation cycles and
therefore partly compensating for electricity generation costs.

One of the major parameters which determine capital costs shares in the LCOE estimates is the plant
construction period. Most of the reference models assume a construction period and build a
construction profile for each technology separately. The cost profiles show spread of capital costs
across the period in years required to construct and start operating a generating plant. AETA model
suggest 3 or 4 year construction profiles. CEC COG model also introduces a cost profile for each
technology. DECC model, however, assumes construction period with equal parts of capital costs
spend on construction every year within the period. Interestingly DECC model also separates pre-
development period from the construction period and builds assumptions accordingly.

Another determinant of the capital costs captured by most of the reference models is emissions
intensity of the technology. Models also build assumptions for the emissions intensity of the
technology being one of the determinants of generating plants capital costs. Interestingly the
approaches to solve this issue differ. US Energy Information Administration LCOE model used for
the Annual Energy Outlook preparation assumes a 3% point increase of the capital costs for the plants
characterised by high emissions levels and having no carbon control and sequestration (CCS)
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technologies in place. Authors acknowledge the “somewhat arbitrary” nature of this assumption,
however, the foundation for it is that the 3% point increase impact similarly on the LCOE values as
would an emissions fee of $15 / m3 of CO2 which allows to account for future possible costs for
emission intensive plants (US EIA, 2013c). Other models mostly provide separate capital costs values
for plants with and without CCS equipment, the difference assumed in this case vary significantly

with the technology types. For example BREE AETA model capital costs values for CCS equipped
power plants exceed costs for non-CCS plants by 17-161% (table 7).

Table 8 Capital costs assumptions for generation plants with and without CCS (data sourced
from BREE AETA (2012)

Technology | PC PC PC Oxy IGCC- | IGCC -
Capital costs; Supercritical | Supercritical | Combustion | Brown | Bituminous
AS/KW - Brown coal | - Black coal | Supercritical | Coal Coal CCGT
- without CCS 3788 3124 4930 6306 5346 1062
- with CCS 7766 5434 5776 8616 7330 2772
Difference 105% 74% 17% 37% 37% | 161%

Interestingly some factors affecting capital costs are incorporated in individual LCOE models. For
instance, US DOE (NREL) OpenlE and TCDB LCOE model makes assumptions for the
“multiplication factor to original overnight capital cost allow for contingency” and “technology
optimism” (US DOE & NREL, 2013). BREE AETA model accounts for macroeconomic parameters
in the model to ensure the assumptions and outcomes are consistent with the “Australian Energy
Market Operator’s National Transmission Network Development Plan (NTNDP) (AEMO, 2011), and
its planning scenario. The model accounts for the impact of macroeconomic parameters on capital
capital costs including construction and equipment costs, technology cost reduction curves and
efficiency parameters (BREE, 2012). BREE AETA also accounts for the labour productivity growth
(worker output per hour worked) as a component of the capital cost estimates. It is assumed that the
improvement in the labour productivity equals to 0.8% per annum.

Other studies applying LCOE also include interesting features of the LCOE projections. For example,
IDEA project (as cited by BREE AETA (BREE, 2012) accounts for the effect of economies of scale
(IDEA, 2011). UK DECC is looking into equipment market as a determinant of capital costs when
modelling off-shore wind generation — they predict the wind turbine prices decline by 2.5% in 2015
and 2017 due to new wind turbine manufacturers entrance (DECC, 2013).

Importantly AETA provides a comprehensive dataset for the capital costs assumptions specified for
Australian economic and technological conditions. Assumptions spreadsheet in the AETA model
(“Capital Cost Comparison”) sets capital costs estimates in comparison for several time periods
(2012, 2020, 2025, 2030, 2040, 2050) and locations (South Queensland, NSW, Victoria, Tasmania,
South Australia, Northern Territory, SWIS (Western Australia) and Pilbara (Western Australia)).
Although it is not defined in the AETA paper (BREE, 2012), the AETA model (AETA program,
2013) provides specific assumptions for the cost of capital formation and dynamics of LCOE
according to few capital cost escalators:

- Specific labour productivity rate’;

- Commodity / equipment effect from 2.5% GDP growth rate
- Gas price commodity sensitivity;

- Gas price sensitivity on local equipment;

- Carbon price equipment sensitivity.

" Assumptions on the labour, local equipment and commodity and international equipment splits are also
provided for each technology type in the AETA LCOE model.
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These factors are given in percentage values and are used for the construction of LCOE values.
Although being arbitrary, they reflect specifically macro and micro economic factors which determine
cost of capital specifically for Australia at regional and national levels.

Generally comparison of capital costs assumptions in different LCOE studies can help to reveal the
differences in the analysis approaches and in the costs estimates for particular technologies. However,
as acknowledged by AETA, the comparison should be done with caution since the difference in cost
values can be determined by:

- differences in methodology used defining cost components;

- macroeconomic factors (exchange rates, inflation etc.) which would influence estimates of the
models done in different years;

- country specific and regional specific costs components estimates (e.g. labour costs,
equipment costs).

Consequently application of the AETA capital costs assumptions will provide basis for both
comprehensive and detailed costs analysis within the project. However, AETA cost estimates will
have to be upgraded to include important capital cost components such as infrastructure and
connection costs. It will make LCOE estimates closer to realistic projections; help to ensure the
LCOE estimates (capital costs values) are comparable to the international studies.

Discount rates

Approaches to discounting vary in the LCOE applications. Some models assume single value for the
discount rate based on the weighted average cost of capital or other economic estimated. BREE
AETA for example applies the discount rate of 10% to all the technology types to ensure they all are
treated equally. The choice of a single discount rate is explained by a need to ease the comparison and
the value is determined as a result of consultations with the AETA Stakeholder Reference Group
(BREE, 2012). UK DECC model, US DOE and other also apply single values for discounting:

1. 10% discount rate is used for the LCOE values in UK DECC report (DECC, 2013);

2. US DOE in the TCDB and Annual Energy Outlook apply 7% discount rate real for the LCOE
estimates (US DOE & NREL, 2013; US EIA, 2013b);

3. DIW Berlin study applies a discount rate of 9% which is consistent with the European
Commission assumptions for the Energy Roadmap 2050 (EC, 2011).

Interestingly, IEA LCOE application in the World Energy Model by the International Energy Agency
is using two values for the discount rate — they are testing 5% and 10% discount rates (IEA, 20123,
2012b).

CEC COG and LCOE by Wagner and Foster models use detailed calculations to determine weighted
average cost of capital to be used as a discount factor in the models applications. The obtained values
for WACC estimates used for discounting in LCOE by Wagner and Foster are 9.93% (hominal),
6.72% (real) (Wagner et al., 2011). EPRI also bases discount rate calculations on WACC - they apply
9.2 after tax discount rate and 11.1 before tax rate for discounting;

Some LCOE studies apply various discount rates to different technology plants. For example, IDEA
modelling applies single discount rate of 7.8% for all the technologies except form biofuel and
biogass (IDEA, 2011) as cited by (BREE, 2012).
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Learning rates

Technological development is reflected in most of the reference models as a learning factor resulting
in the decreasing capital costs depending for the generating plans introduction time. US DOE TCDB
specifies learning rate as the reduction in capital costs of generally less than 1% annually (US DOE &
NREL, 2013). AETA model adopts CSIRO® and Worley Parsons® data for the interpretation of the
technology learning rate as a decrease of capital costs depending on the technology introduction time
period (AETA program, 2013).

CEC cost of generation model (CEC, 2010a) as opposed to earlier versions (CEC, 2007) accounts for
the long-term changes in the capital (overnight) costs. It is especially important for wind and solar
power generation exhibiting cost decline over the last years which should be expected to retain in the
future. COG 2009 also allows to account for the capacity factor degradation. CEC COG model report
(CEC, 2010a) and program user guide (CEC, 2010b) mention technology learning curves, however
detailed description is not provided so it is impossible to conclude on the learning curves parameters
used in CEC COG model as well as on the source of assumed values.

UK DECC model allows technology learning for two LCOE parameters: infrastructure costs as a part
of capital costs and fixed O&M costs (DECC, 2013). Interestingly UK DECC uses not only
technology specific learning rates but also scenario specific. For example for the offshore wind
generation a 9% learning rate is applied to the high cost estimate, 12% - to median cost estimate, 15%
- to the low cost estimate. The values are based on the estimated range of the learning rates provided
by the Carbon Trust report.

BREE AETA model applies thermal efficiency learning rate expressed as a percentage of thermal
efficiency (sent-out HHV) improvement per annum. Assumed values are summarised in the Table 7.

Table 9 Thermal efficiency learning rates applied in the BREE AETA model

Technology types Thermal efficiency learning
rate
Supercritical PC 0.3-0.35%
Subcritical PC 0.17%
IGCC 0.3%
CCGT 0.17-0.4%
OCGT 0.3%
Solar hybrid / integrated solar 0.15-0.30%

Source: BREE AETA (2012)

BREE AETA model also accounts for the decrease in future capital costs applying CSIRO Global and
Local Learning Model (GALLM) by CSIRO’s Energy Transformed Flagship Group (Hayward,
Graham, & Campbell, 2011). The model provides projections for the rate of change of technology
costs via learning rates from 2012 to 2050 based on bottom-up engineering, economic modelling for
learning curves and stakeholder groups consultations outcomes. The more rapid technological change
is projected for the emerging technologies (eg. wave, solar and CCS). BREE AETA model learning
assumptions although being based on CSIRO GALLM projections were also evaluated by the AETA
Stakeholder Reference Group members. Additional verification has been undertaken against the
Original Equipment Manufacturer (OEM) information, industry body, industry analysis papers and
WorleyParsons’ internal data.

® Global and Local Learning Rate Model by CSIRO.
? Worley Parsons Scenario.
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Technology specific learning rates are also sourced from various sources and applied in DIW Berlin
(Schrdder, Kunz, Meiss, Mendelevitch, & von Hirschhausen, 2013), IEA (IEA, 20123, 2012b) and
other LCOE models.

9. Conclusion

A variety of LCOE applications at international and national research levels indicates the reliability
and robustness of the modelling tool, as well as proves applicability and usefulness of the results and
projections provided by LCOE for decision making.

However, differences in the LCOE applications, which are often determined by the data availability
and research objectives, shows proves the tool adjustable to specific conditions. Although it limits
comparability of the LCOE research outcomes and estimates, it allows obtaining generation costs
parameters specific enough to be treated as realistic projections to base decision upon.

Among the LCOE models CEC COG seems to provide the LCOE theoretical framework which best
fits the need of the project. At the same time BREE AETA dataset provides the detailed database for
the construction and application of LCOE for Australian specific conditions since it accounts for the
macroeconomic parameters as well as specific regional conditions for the operation of power
generating plants in Australia.

The discussion on the discount rates showed the importance of the choice of discount rate due to
possible impact on the costs and technology ranking parameters. As a result of the analysis
undertaken it can be suggested to apply the discount rate based on WACC estimates, whereas other
commonly used discount rates should be tested as a part of modelling sensitivity analysis.

Appendix:

Open cycle gas turbine (OCGT) with no CCS — assumptions, models and outcomes
comparison; sensitivity analysis

The key assumptions comparison of the AETA BREE and LCOE by Wagner, Foster is
presented in table 10. Although majority of the assumed parameters are close or same in
value, some differences are observed:

- capacity factor assumed in AETA LCOE is sufficiently lower than in LCOE by
Wagner, Foster which might be one of the determinants of the difference in the final
LCOE estimates (AETA LCOE values for OCGT are higher);

- AETA model provides costs calculations for more than three times larger generation
plant than one considered by LCOE by Wagner, Foster;

- variable costs assumed by AETA exceed those in LCOE by Wagner, Foster four
times.
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Table 10 Major assumptions for the OCGT LCOE estimation

Variable BREE AETA LCOE by Wagner, Foster
Capital Costs AS/kW 723 805
Construction profile % Year 1 =100% Year 1 =100%
Typical new entrant size (MW 564/ 558 160
gross/net)
Economic Life (years) 30 30
Average capacity factors 10% 45%
Heat rate - 10033 MJ/MWh
Thermal Efficiency (sent out — 35% 33%
HHV)
Thermal Efficiency (sent-out 0.3% 0.2% before 2015, 0.5%
HHV) learning rate (% after 2015
improvement per annum
Auxiliary Load (%) 1% 1%
FOM ($/MW/year) for 2012 4,000 $/MW/year or 1.44 $Mlyear

2.256/2.232 $M/year
VOM ($/MWh sent out) 2012 10 2.5
Fuel price (natural gas), $/GJ 5.82-11.68 (regional specific), 6
south Queensland — 6.76

O&M escalation rate 150% -
Percentage of emissions captured 0 0
(%)
Emissions rate per kgCO2e/MWh 509 (Gross)/515 (Net) 514.7

Discount rate / WACC

Discount rate — 5% and 10%

WACC post tax nominal —
9.93%, post tax real —
6.72%

Capex Maintenance rate

0.2%

Carbon price

23.0

29.4 (“Policy” Scenario)

Source: AETA (BREE 2012), LCOE by Wagner, Foster (Wagner, Foster et al. 2011)

OCGT LCOE estimates obtained by both reference models in comparison with other models

for Australia are shown in table 11.

Table 11 LCOE estimates for OCGT other studies

Study

OCGT LCOE, $/MWh

AETA (2012)

224" (203-259)

ACIL Tasman (2011)

188.5 (175-202)

EPRI (2010)

227

(2011)

LCOE by Wagner, Foster

132.62

Source: AETA (BREE 2012), ACIL Tasman (ACILTasman 2009) and EPRI (EPRI 2010) as
summarized in AETA, LCOE by Wagner, Foster (Wagner, Foster et al. 2011).

Sensitivity analysis has been undertaken for each of the two reference models against major
variables including heat rate (thermal efficiency); capex; VOM and FOM; fuel cost' and

1% The value of $224/MWh is the LCOE estimate for South Queensland, values in the brackets show range of

estimated for other regions in Australia.
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capacity factor. The sensitivity was tested with the assumption of 20% increase and decrease
of the values assumed for each of the listed parameters.

Sensitivity analysis results are shown in the tornado diagrams in figures 7 and 8.
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Figure 7 Sensitivity analysis for the LCOE estimated provided by LCOE model by Wagner,
Foster
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Figure 8 Sensitivity analysis for the LCOE estimated provided by AETA model

1 Due to software limitations the sensitivity analysis for LCOE against fuel costs was not implemented for
AETA model.
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The LCOE by Wagner, Foster generation costs estimates show wider range of values (from 112.3 to
152.9$/MWh) being most sensitive to the change in fuel cost and heat rate. Heat rate is also an
important determinant for the LCOE estimates provided by the AETA model, although the range of
costs estimates with the change in capacity factor is slightly larger.

A generic estimation has been done using technological and costs assumptions (Capex, VOM, FOM,
fuel costs, emissions costs) from AETA, but methodological framework, financial assumptions (CPI,
pass through rates, WACC) and capital maintenance factor of the LCOE by Wagner, Foster'?. The
LCOE value of $211.94/MWh has been obtained which is close to the AETA estimate.

The tornado diagram for sensitivity analysis of the generic model outcomes is shown in figure 3.
Interestingly, the sensitivity analysis results share similarities to both models used for the costs
estimation. The obtained values for the generation costs show relatively lower sensitivity to the
change in heat rate, but relatively higher sensitivity to the change in capex, rather than the results from
LCOE by Wagner, Foster. However, the costs estimates remain sensible to fuel price and capacity
factor deviation.

185.0 195.0 205.0 215.0 225.0 235.0 245.0

Heat rate

Capex

FOM n
vom N
Fuel cost o —

Capasity Factr —

m-20% m+20%

Figure 9 Sensitivity analysis for the LCOE estimated provided by the generic model (LCOE
model by Wagner, Foster with assumptions by AETA)

12 Assumptions: flat carbon price at 23, gas price at 6.75, capex 723, size 558, VOM 10, FOM 2.232, FOM
2.232, useful life 30, efficiency 35%+0.3% learning rate, emissions 0.515, capacity factor 10, construction
profile — 100% 1 year.
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