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ABSTRACT: Previous analysis of photovoltaic (PV) life cycles has documented significant environmental benefits
from replacing conventional grid electricity with PV systems. However, environmental attributes are traditionally
considered economic externalities and not factored into the levelized cost of electricity (LCOE). In contrast, total
cost electricity pricing uses environmental and performance adders to account for externalities. Rather than imposing
costs on existing electricity generation sources, adders are used for evaluating new generation sources on the basis of
total cost, equal to the private cost (LCOE) plus the environmental and performance adder. Though utilities are not
actually charged the adder, they can be required to rank technology options based on total cost, thus allowing
environmental and other societal attributes to be part of the decision-making process. The total cost of ground-mount
cadmium telluride (CdTe) PV systems ranges from $73-151/MWh, with a midrange value of $112/MWh
($0.11/kWh). The total cost of rooftop multi-crystalline silicon (multi-c-Si) PV systems ranges from $78-241/MWh,
with a midrange value of $137/MWh ($0.14/kWh). These values are competitive with conventional combined cycle
and combustion turbine natural gas ($71-213/MWh) and conventional coal ($105-257/MWh). Mid-range
environmental costs are $1, $2, $26, and $50 for CdTe PV, multi-c-Si PV, natural gas, and coal, respectively.
Although electricity is typically considered a commodity, total cost pricing indicates that solar PV electricity provides
additional benefits with regards to impacts on climate, air quality, and water resources that are valued at $2449/MWh ($0.02-0.05/kWh) relative to conventional gas and coal electricity. In addition to external costs of
conventional generation, there are opportunity costs for the utilities’ rate payers and society’s tax payers of foregone
value from not using renewable energy. There are opportunity costs related to energy infrastructure that range from
$64-507/MWh ($0.06-0.51/kWh) still excluding the tax payers’ cost for the missing insurance cost of nuclear power
plants valued at $190-5385/MWh ($0.19-5.39/kWh) for the case of Germany. There are also opportunity costs
related to non-energetic uses for fossil fuels that are approximately $0.21/kWh for the case of Germany. As market
subsidies for renewable energy decline, total cost methodology provides an alternative framework for recognizing the
societal benefits of clean energy when choosing between technology options.
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INTRODUCTION
Total Cost = LCOE + Σ(Attribute×Damage) + Variable Power Cost

Previous analysis of photovoltaic (PV) life cycles has
documented significant environmental benefits from
replacing conventional grid electricity with PV systems,
including 89–98% reductions of GHG emissions, criteria
pollutants, heavy metals, and radioactive species [1].
However, environmental impacts are traditionally
considered economic externalities and not factored into
the levelized cost of electricity (LCOE). In a cost-driven
industry such as power generation, externalities may get
ignored when choosing between technology options. In
contrast, total cost electricity pricing uses environmental
and performance adders to account for externalities.
Rather than imposing costs on existing electricity
generation sources (e.g., carbon tax), adders are used for
evaluating new generation sources on the basis of total
cost, equal to the private cost (LCOE) plus the
environmental and performance adder. Though utilities
are not actually charged the adder, they can be required to
rank technology options based on total cost, thus
allowing environmental attributes to be part of the
decision-making process [2].
2

METHODS

Keske et al. [3][4] have provided an analytical
framework for total cost electricity pricing in the state of
Colorado in the United States.

(1)

Emissions of regulated pollutants (SO2, NOx, CO2e, Hg,
PM2.5) and water usage were combined with marginal
damage factors as the basis for the environmental adder
(Eq. 1). In addition, electricity from variable power
sources (e.g., wind and solar) were assigned a
performance adder for not providing dispatchable power.
These adders were combined with the LCOE to obtain
the total cost of a technology.
In developing the environmental adder, Keske et al.
considered only operating emissions and water usage
from electricity generation. In this evaluation, emissions
and water usage over the technology life cycle are
considered to provide a more complete representation of
the environmental attributes of a technology. In this
evaluation, life cycle emissions of Pb and Cd are
considered in addition to Hg, as well as emissions of nonmethane volatile organic compounds (NMVOC) which
along with NOx are precursors to tropospheric O3
formation.
Life cycle assessment (LCA) has been conducted
with Simapro (V. 7.3.3) software and Ecoinvent (V. 2.2)
unit processes. Life cycle impacts for PV systems were
assessed in accordance with International Energy Agency
Photovoltaic Power Systems Program (IEA PVPS) Task
12 guidelines for LCA of PV [5]. Life cycle inventory
(LCI) data for cadmium telluride (CdTe) PV is from

development costs. As with conventional energy, there is
a multi-year process for permitting and constructing a
utility-scale PV plant.
For multi-c-Si PV, LCOE
currently (in 2013) ranges from $75 to $240 per MWh
[16; excluding an outlier value of $440 per MWh]. For
both CdTe PV and multi-c-Si PV, $2013 was converted to
$2011 based on an inflation factor of 4%
(http://www.usinflationcalculator.com). In this study,
costs are provided in $2011.
3

RESULTS

When the LCOE costs are combined with the life
cycle environmental adder and variable power cost
(Table 2), the total cost of ground-mount CdTe PV
ranges from $73-151/MWh, with a midrange value of
$112/MWh ($0.11/kWh). The total cost of rooftop multicrystalline PV ranges from $78-241/MWh, with a
midrange value of $137/MWh ($0.14/kWh). These
values are competitive with conventional combined cycle
(CC) and combustion turbine (CT) natural gas ($71213/MWh) and conventional coal ($105-257/MWh) (Fig.
1).
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publicly available sources for module manufacturing [6]
and fixed-tilt balance of systems (BOS) [7]. CdTe PV
represents a fixed-tilt utility-scale installation in the
southwest United States with 2012 average module
conversion efficiency of 12.7% [8], performance ratio of
0.812, plane of array irradiation of 2199 kWh/m2/yr,
0.70%/yr module degradation rate, and 30 year lifetime
[7].
LCI data for multi-crystalline silicon (multi-c-Si) PV
[9] includes silicon, ingot, wafer, cell and module
produced with Chinese electricity mix. BOS data is
based on Schletter Eco05/EcoG on-roof support structure
and roof cabling. The inverter is based on the Ecoinvent
unit process “inverter, 2500W, at plant/RER/I U”
assuming 15 yr life and inverter sizing ratio of 0.89
kW/kWp [10]. Multi-c-Si PV represents a fixed-tilt
rooftop installation in the southwest United States with
2012 average module conversion efficiency of 14.7% [9],
performance ratio of 0.75 [5], plane of array irradiation of
2199 kWh/m2/yr, 0.70%/yr module degradation rate, and
30 year lifetime.
End-of-life collection and recycling for PV systems is
not considered because LCI data is available for CdTe
PV but not for multi-c-Si PV. For perspective, end-oflife collection and recycling, including semiconductor
refining, accounts for approximately 10% of the total life
cycle carbon footprint and energy payback time of CdTe
PV [11].
Life cycle assessment of conventional energy is
based on the Ecoinvent unit processes “Electricity,
natural gas, at power plant/US U” and “Electricity, hard
coal, at power plant/US U”. Life cycle emissions to air
of SO2, NOx, CO2e, Hg, Pb, Cd, PM2.5, and NMVOC
were estimated for each technology. Water usage reflects
life cycle off-stream water withdrawal (excluding water
used in running hydroelectric turbines).
Damage factors are from Keske et al. except for those
for Pb, Cd, and NMVOC which are from the ExternE
[12] and NEEDS [13] projects (Table 1). The variable
power cost estimate ($5/MWh) is from Keske et al.
LCOE estimates for conventional energy are from the
U.S. Energy Information Administration for new
generation sources installed in 2018 [14], reflecting the
multi-year process for developing utility-scale power
systems. For CdTe PV, LCOE of utility-scale systems
currently (in 2013) varies from $70 to $150 per MWh
[15], depending on the project region and other factors
including irradiance levels, interest rates, and

Private Cost (LCOE)

Figure 1: Range of total cost electricity pricing for
conventional coal, conventional combined cycle (CC)
and combustion turbine (CT) natural gas, and
photovoltaic (PV) power generation

Table I: Marginal damage estimates ($2011/metric ton)
Low
Mid
High
Sulfur Dioxidea [4]
$690.64
$1,339.85
$1,381.28
Nitrogen Oxidesa [4]
$276.25
$414.39
$2,458.69
a
Carbon Dioxide [4]
$6.00
$25.16
$77.90
Mercurya [4]
$145,438.09
$1,716,400.39
$2,574,023.43
Cadmiumb [12][13]
$66,300.00
$104,317.10
$142,334.20
b
Lead [12][13]
$473,082.80
$1,596,541.40
$2,720,000.00
NMVOCb [12][13]
$1,802.00
$1,856.40
$1,910.80
PM2.5 a [4]
$13,812.84
$20,719.26
$27,625.68
Water a [4]
$0.07
$0.24
$0.71
a
Marginal damage estimates in $2010 converted to $2011 based on an inflation factor of 3.2% (http://www.usinflationcalculator.com/)
b
Marginal damage estimates in €2000 converted to €2011 based on an inflation factor of 25% (http://fxtop.com/en/inflation-calculator.php) and converted to $2011
based on an exchange rate of 1.36$2011/€2011 (http://www.freecurrencyrates.com/exchange-rate-history/EUR-USD/2011)
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Mid-Range Life cycle Envrionmental Adder
($2011/MWh)

For PV, the total cost is nearly equal to the LCOE,
with a mid-range environmental cost of approximately
$1-2/MWh and a variable power cost of $5/MWh. In
contrast, while natural gas and coal can have lower
LCOE than CdTe PV, they have considerable
environmental costs. For natural gas, a mid-range
environmental cost of approximately $26/MWh is largely
attributable to greenhouse gas (GHG) and sulfur dioxide
emissions, and for coal, a mid-range environmental cost
of approximately $50/MWh is largely attributable to
GHG emissions, sulfur dioxide emissions, and water
usage (Fig. 2).
Based on these results, solar PV electricity provides
mid-range benefits with regards to impacts on climate, air
quality, and water resources that are valued at $2449/MWh relative to conventional gas and coal electricity.
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Figure 2: Mid-range environmental cost of conventional
coal, conventional combined cycle (CC) and combustion
turbine (CT) natural gas, and photovoltaic (PV) power
generation
Table II: Total cost electricity pricing of conventional and photovoltaic generation (in $2011)

$89.50
$100.10
$118.30

Conventional
Rooftop
Combustion
multi-c-Si
Turbine Natural
PVa
Gas
Private Costs (LCOE; $2011/MWh) [14] [15][16]
$72.12
$62.50
$104.00
$129.81
$67.10
$130.30
$230.77
$78.20
$149.80

5.27×10-3

Life Cycle Emissions/Usage (metric ton/MWh)
2.01×10-4
5.79×10-3

Conventional Coal

Low
Mid
High

Sulfur Dioxide (to air)
Nitrogen Oxides (to air)
Carbon Dioxide (to air)
Mercury (to air)
Cadmium (to air)c
Lead (to air)c
NMVOC (to air)
PM2.5 (to air)
Offstream Water Withdrawal

2.55×10-3
1.19
2.89×10-8
1.51×10-8
1.38×10-7
1.26×10-4
6.23×10-5

Conventional
Combined Cycle
Natural Gas

3.75×10-4
6.84×10-1
1.97×10-9
5.81×10-9
9.78×10-9

-4

1.01×10
3.44×10-2
1.28×10-9
2.85×10-9
4.59×10-8
8.73×10-6
1.68×10-5
2.03

Groundmount CdTe
PVb
$67.31
$105.77
$144.23
9.61×10-5
4.94×10-5
1.40×10-2
2.41×10-9
1.21×10-8
1.25×10-7
5.77×10-6
8.33×10-6
3.18×10-1

1.84×10-4
9.31×10-6
42.7
4.00×10-1
Variable Power Costs ($2011/MWh) [4]
$0.00
$0.00
$5.00
Total Social Costs ($2011/MWh)
$104.95
$71.20
$112.70
$77.89
$72.68
Low
$150.11
$92.88
$156.08
$136.91
$111.74
Mid
$257.41
$141.33
$212.93
$241.03
$151.40
High
a
Based on fixed-tilt rooftop installation in the southwest United States with 2012 average module conversion efficiency of 14.7% [9],
performance ratio of 0.75 [5], plane of array irradiation of 2199 kWh/m2/yr, 0.70%/yr module degradation rate, and 30 year lifetime.
b
Based on fixed-tilt utility-scale installation in the southwest United States with 2012 average module conversion efficiency of 12.7% [8],
performance ratio of 0.812, plane of array irradiation of 2199 kWh/m2/yr, 0.70%/yr module degradation rate, and 30 year lifetime [7].
c
Direct Cd emissions from controlled air exhaust in CdTe PV module manufacturing are 5.34×10-9 kg per m2 module [6] (or 8.77×10-13 metric
ton/MWh), and emissions of Pb are indirect. Over 90% of life cycle Cd and Pb emissions for CdTe PV are associated with balance of systems,
primarily related to copper usage.

4

UNCERTAINTY

While accounting for emissions from electricity
generation can be reasonably straightforward, assigning
an external cost to those emissions is dependent on
damage factors which assign economic value to impacts
on health and natural resources. In the European Union,
recent efforts have been undertaken to develop consensus
methodologies for evaluating external costs of energy
technologies (ExternE project which was later updated by
the NEEDS project). The damage factors from Keske et
al. considered in this evaluation are within or lower than
the range of these prior estimates (Table 3), indicating
that the external cost estimates in this evaluation are
conservatively low.
Table III: Damage Factor Comparison ($2011/metric ton)a
Keske et al [4]
ExternE [12]
NEEDS [13]
SO2
691-1381
4996
11478
NOx
276-2459
4944
12007
CO2e
6-78
32
12-167
PM2.5
13813-27626
33216
41769
a
See Table 1 for conversion factors to $2011.
The environmental adder for CdTe PV systems in this
study ranges from $0.37-2.16/MWh with a mid-range
estimate of $0.97. This range is consistent with a
previous estimate of 0.126 €-ct2000/kWh at 1700
kWh/m2/yr irradiation (~1.65 $2011/MWh at 2199
kWh/m2/yr irradiation) for CdTe PV [17] based on
ExternE damage factors. For multi-c-Si PV systems, the
environmental adder in this study ranges from $0.785.26/MWh with a mid-range estimate of $2.10. This
range is consistent with a previous estimate of 0.177 €ct2000/kWh at 1700 kWh/m2/yr irradiation (~2.33
$2011/MWh at 2199 kWh/m2/yr irradiation) for c-Si PV
[17] based on ExternE damage factors. Another recent
estimate for the environmental adder was $10-15/MWh at
1700 kWh/m2/yr irradiation ($8-12/MWh at 2199
kWh/m2/yr irradiation) for life cycle impacts to air
pollution, human toxicity, and climate change for c-Si PV
manufactured with coal electricity [18].
While it is possible to look at emissions of additional
chemicals beyond those considered in Table 1, in
previous analysis, these chemicals accounted for over
99% of the total environmental adder [17]. In particular,
emissions of CO2e and SO2 and water use account for a
large proportion of the environmental adder for the
various energy options considered here.
In better understanding the external costs of
electricity generation, particular focus can be placed on
understanding the damage factors for CO2e, SO2, and
water. In particular, CO2e impacts account for the largest
proportion of the environmental adder (Fig. 2). In a
recent assessment of the life cycle impacts of coal power,
Epstein et al. [19] considered CO2e damage factors
ranging from approximately $10-100/MWh with a best
estimate of $30/MWh, overlapping with the range in
Table 2.
While addressing climate change has been an
important driver for renewable energy adoption, the
external cost analysis indicates that water security
provides an additional driver. For example in the United
States, thermoelectric power plants have recently
accounted for over 40% of total freshwater withdrawals,
even more than for agriculture [20]. Unlike thermal
power generation, solar PV directly converts sunlight to

electricity, using little to no water during operation.
Therefore, solar PV provides a potential path forward for
addressing the energy-water nexus. For example, when
deployed in the U.S. Southwest, a thin-film CdTe PV
array can provide net displacement of life cycle water
withdrawal of over 1,700-5,600 L/MWh relative to grid
electricity [21].
In addition to the environmental adder, there are
uncertainties associated with the variable power cost
estimate ($5/MWh) which was assigned for solar PV not
providing dispatchable power. The estimate is based on a
wind power integration study conducted for Xcel Energy
in the U.S. [22] based on varying penetration rates of
wind energy (10-20%) in the state of Colorado. The
study assumes displacement of natural gas electricity
with a gas price of $5 per million BTU and assumes that
gas-burning units are used to back up variable generation.
The renewable power integration cost estimate ranges
from $3.51 to $5.13/MWh and is influenced by the
geographic distribution of renewable generation and
accuracy of forecasting technology for predicting
variability. Increasing gas prices can increase integration
costs but also increases the value of gas displacement.
In addition, some utility-scale PV power plants now
have power plant controller architecture to regulate real
and reactive power output from the PV plant, such that it
behaves like a single large generator. Plant-level control
functions include dynamic voltage and/or power factor
regulation, power output curtailment, ramp-rate and
frequency controls, and start-up and shut-down control
[23]. An example of a utility-scale PV power plant with
power plant controller architecture is shown in Figure 3.

(a)

(b)

Figure 3: a) A utility-scale CdTe PV system (290 MWac
Agua Caliente solar project, Yuma County, Arizona,
USA) with b) power plant controller architecture [23]
5

OPPORTUNITY COSTS

In addition to external costs of conventional
generation, there are opportunity costs of foregone value
from not using renewable energy. These opportunity
costs are related to energy infrastructure and nonenergetic uses for fossil fuels.
5.1 Energy infrastructure
The opportunity cost of non-use of renewable energy,
in particular PV, comprise a loss of value for the utilities’
rate payers and society’s tax payers. Cost for rate payers
include the lost value of hedging of fuel price
fluctuations, as well as demand response capacity actions

on the transmission level. Central PV systems located
close to the load demand help to displace aforementioned
capacity actions due to the synergy of load demand and
solar resource availability. The cost for tax payers are the
lost value of grid security enhancement, long term finite
fuel hedge value (beyond the commodity futures’s 5 year
horizon) and economic growth induced by renewables
investments. The cost is estimated to about $90250/MWh for rate payers and $80-100/MWh for tax
payers [24]. In addition, the insurance cost for nuclear
power plants have to be fully covered by the tax payers
and can be quantified to €140-3960/MWh ($1905385/MWh) for the case of Germany [25].
Further opportunity costs of non-use of renewable
energy are subsidies incurred for the conventional energy
system, e.g. financial aid, tax incentives and state rules
outside of budget (in particular the allowance to invoice
the emission trading certificates allocated for free), which
accounted in total to €102/MWh ($133/MWh) in 2012
for the case of Germany, whereas the support of
renewables cost only €36/MWh ($47/MWh) in the same
period of time [26].
Similar subsidies have been recorded in the US [27],
since the cumulative historical federal subsidies reached
$671bn until 2010, partitioned on oil and gas (66.6%),
nuclear (27.6%), biofuels (4.8%) and renewables (0.9%).
A review report conducted by the Rocky Mountain
Institute [28] summarizes a broad variety of publications
concerning the benefits of solar PV, which can only be
realized when solar PV is in use, i.e. these benefits equal
the opportunity cost of non-use of solar PV. These costs
are: value of saved energy being lost in the conventional
system due to inherent inefficiencies in the transmission
and distribution (T&D) system of $25-110/MWh, further
losses in the T&D system of $1-45/MWh, value for
avoided generation capacity of $1-110/MWh, value for
avoided T&D capacity upgrades of $1-80/MWh, value
for grid support services of $1-15/MWh, value for
financial fuel price hedging of $5-35/MWh, value for
market price response to higher renewable energy supply
contribution of $10-45/MWh, value for grid security of
$10-22/MWh and value for additional economic
development due to the use of renewables (mainly solar
PV) of $10-45/MWh. All these benefits of the use of
solar PV convert into cost of non-use and add up to a
range of $64-507/MWh.
5.2 Non-energetic use
In addition to energy infrastructure, there are
opportunity costs related to non-energetic uses for fossil
fuels. Kroll [29] developed an approach to calculate the
opportunity costs incurred when the use of a free and
abundant commodity (solar radiation) is supplanted by
the use of a finite commodity (fossil fuels), which is
destroyed and thus unusable in the future. Through
substitution of fossil fuel energy generation, the value of
the finite resource is preserved for future non-energetic
uses. For example in Germany, approximately 1-15% of
fossil fuel resources such as hard coal, oil, and natural
gas have non-energetic uses (Table 4).

Table IV: Proportion of annual non-energetic uses for
fossil fuel resources in Germany [30]
Fossil
fuel
resource
[FFR]
Hard coal
Crude Oil
Natural
Gas

Total
consumption (TJ)
1,790,071
5,376,496

Nonenergetic
use (TJ)
[NEU]
20,448
805,769

Import
price
(€2012/TJ)
[IP]
308
15354

Proportion
of
nonenergetic use
(%)
1.1
15.0

3,656,602

183,041

8018

5.0

By applying the conservative assumption that current
fossil fuel import prices in Germany [31] equal the future
value of the fossil fuel resources for non-energetic uses,
an annual opportunity value (AOV; 13.9 billion €2012;
18.4 billion $2011) can be estimated based on Equation 2
and Table 4. The AOV represents the value which would
be lost if these fossil fuel resources would be used for
one-time energy generation purposes instead of nonenergetic uses.

AOV   ( NEU  IP)

(2)

FFR

By substituting one-time fossil fuel energy generation
with renewable resources like PV, a positive substitution
value (SV; ~0.16 €2012/kWh; ~0.21 $2011/kWh) is estimated
based on Equation 3 and Table 4. The SV represents the
value of conserving finite fossil fuel resources for future
non-energetic use.



SV   AOV /  NEU  
FFR



(3)

where : German grid efficiency (1.16×10-5 TJ/kWh)
based on Cumulative Energy Demand Version 1.08
characterization method in Simapro.
6

CONCLUSIONS

Although electricity is typically considered a
commodity, total cost pricing indicates that solar PV
electricity provides additional benefits with regards to
impacts on climate, air quality, and water resources that
are valued at $25-49/MWh ($0.02-0.05/kWh) relative to
conventional gas and coal electricity. In addition to
external costs of conventional generation, there are
opportunity costs from not using renewable energy
related to energy infrastructure ($0.06-0.51/kWh) and
non-energetic uses for fossil fuels (~$0.21/kWh).
In summary, when compared on a total cost basis,
photovoltaic power systems are competitive with
conventional power generation.
The total cost
methodology can be used as a policy tool for ranking
technology
options
while
incorporating
their
environmental impacts.
As market subsidies for
renewable energy decline, total cost methodology
provides an alternative framework for recognizing the
societal benefits of clean energy when choosing between
technology options.
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