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Abstract—1500% is the efficiency of a standard solar power 

plant—when the same metrics are applied as for conventional 

fossil fuel power plants. In this paper, a proper comparison is 

drawn between efficiencies reported by coal, combined cycle gas 

and solar power plants with the goal to clarify understanding of 

PV potential amongst a non-technical population. Feedback and 

critical input from PV experts on this potentially controversial 

methodology are highly welcome and will enable us to derive 

best practices for broader communication and outreach. 

Keywords—PV penetration, PV general public perception, PV 

efficiency, communication, outreach 

I. INTRODUCTION  

Photovoltaic (PV) installations across the whole world 
have reached grid parity in recent years. According to 
Bloomberg's New Energy Outlook report from Nov. 2019, 
wind and solar are now the cheapest forms of electricity 
generation across more than two-thirds of the world [1]. The 
technical and economic barriers to install PV have been 
rapidly decreasing, leading to subsidy-free, market-driven PV 
deployment. Prominent examples include the recent 
announcement of Arizona utility company APS to install solar 
PV with battery storage for purely economic reasons [2], and 
the Germany utility company EnBW committing to build a 
subsidy-free solar park with 180 MW installed capacity [3]. 
Equally promising for renewables is the finding that new wind 
and solar developments will cost less than 96% of already-
existing coal power by 2030, with 42% of coal plants already 
running at a loss in 2018 [4].  

Overall, US public opinion of solar energy is high and 
increasing, with 92% of Americans favoring more solar power 
in 2019, an increase of 3% from 2018, as reported by Pew 
Research [5, 6]. Despite this, U.S. plant owners plan to retire 
only 17 GW of coal-fired capacity by 2025 [7], less than 6.7% 
of current operating U.S. coal capacity [8], while many 
countries are still planning the construction and operation of 
new plants [9]. Why is there such a large disparity between 
these narratives? 

While the numbers and overall image of PV look good, PV 
may still be perceived as low-efficiency and high-cost by the 
public. Anecdotal evidence from solar researchers across 
Europe and the U.S. suggest two categories of questions are 
regularly posed to them by non-experts: 1) Have you figured 
out the efficiency problem? and 2) Will solar energy become 
cheap enough at one point?  Misconceptions about high costs 
of solar can be partially attributed to rapid developments in the 
PV field, including the exponential reduction of levelized cost 

of electricity (LCOE). The consequence of this is, if an 
average person’s knowledge base is out-of-date by only a few 
years, they have a significantly inaccurate view of PV pricing. 
This is not from a lack of academic effort in considering PV 
economic issues. The PV community has done their due 
diligence in devising solutions from both broad technological 
and economic perspectives by exploring supply chains, 
material availability, and life-cycle assessment [10, 11], 
scalability of technology [12, 13], and integration of 
technology with other solutions including present and future 
infrastructure [14].  

Despite this comprehensive body of work, the PV 
community has not fully addressed one key driver in attaining 
greater levels of PV adoption: speed of information 
dissemination and uptake among the public. While a simple 
Google search reveals the plethora of news articles hailing the 
“latest breakthrough technologies” that will “change the 
world”, mainstream media outlets lag behind announcing 
developments related to economic aspects of PV and its 
increasing superiority over fossil fuels. The role of public 
opinion as a driver for policy change cannot be ignored by the 
PV community any longer [15]. This oversight has 
contributed to the current situation where the most vocal and 
active PV supporters are mainly those concerned about 
climate change, air pollution, earthquakes, water 
contamination and temperature increase, increasing ocean 
acidity, and many other environmental issues. This creates the 
perception that renewable adoption is merely a partisan or 
niche agenda item, with current U.S. presidential candidate 
platforms being a prime example [16]. Further impediments 
come from utilities who are aware large portions of their 
customers favor switching to renewables—but placate and 
defer rather than devise strategies to do so [17]. This, too, can 
be addressed by a more informed public opinion that 
understands the magnitude of economic incentive to take the 
renewable plunge.  

We, the authors, have been discussing how to address this 
discrepancy, and realized a major contributor may be the PV 
community’s dissimilar method of reporting efficiencies 
compared to fossil fuel technologies. In this paper, we discuss 
the definition of efficiency in the context of public 
communication. This strategy is directly aimed to develop 
substantiated and convincing talking points when asked to 
comment on the efficiency of solar technologies compared to 
other energy technologies. Traditionally, the PV community 
has reported efficiency (η) as:  

𝜂 =
𝑃max

𝑃in
   (1) 
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Where Pmax is the momentary maximum power produced by 
the cell and Pin is the power incident to the cell. While defining 
efficiency as the fraction of incident irradiance power 
converted into electricity is an established metric to compare 
research results, this metric should not be compared to the 
efficiency that conventional fossil fuel power plants report. 
Announcing a new record of 26.7% power conversion 
efficiency for silicon solar cells [18] sounds impressive to an 
expert, but for non-experts, these values are deficient in 
comparison to reported efficiencies of coal power plants, 
which range between 35% to 42% [19, 20], and the 
efficiencies of combined cycle gas power plants, which now 
exceed 60% [21].   

In this manuscript we argue lifetime efficiency should be 
used more widely by the PV community for realistic 
comparisons between conventional and PV power plants. 
Further, it will be shown that this metric directly relates to the 
inverse of the CO2 footprint of the respective technology.  The 
presented work is an invitation to discuss and exchange 
opinions on the topic of outreach to a non-technical 
population. PVSC audience feedback will be collected and 
used to develop guidelines for broader communication and 
outreach. 

II. EFFICIENCY COMPARISON OF DIFFERENT POWER PLANTS 

In this section, the energy efficiency of coal power plants 
will be compared to PV. Disclaimer: while great attention has 
been paid to obtain input information from recent,  
representative and unbiased sources, this summary cannot 
replace a full life cycle analysis. The focus lies on motivating 
the development of an alternative narrative.  

A. Definition of Efficiency 

Efficiency can be defined in several different ways. Most 
commonly, the momentary power conversion efficiency is 
considered, i.e., the fraction of energy that is obtained out of 
the maximum energy available in the fuel. From a physics 
perspective, this is the most interesting type of efficiency, as 
it obeys and is limited by the laws of thermodynamics. Of 
more practical use from an economic and societal perspective, 
is the lifetime efficiency (ητ) of a power plant: 

𝜂𝜏 =
𝐸TP

𝐸TC
=

𝑇life(yr) 

energy payback time(yr)
 (2) 

where ETP is the total energy produced by a power plant over 
its entire life cycle and ETC is the total energy consumed over 
its life cycle, including construction, operation, and end-of-
life management. We must emphasize here that in ETC, we 
include the enthalpy of the fuel (e.g., natural gas) itself, which 
is expended to produce energy (e.g., electricity). Tlife(yr) is the 
operational lifetime of a power plant, while energy payback 
time is the length of time it takes for a power plant to generate 
the amount of energy equal to the amount of energy used to 
make and operate the power plant, which, again, includes the 
enthalpy of the fuel itself.  

 From a societal perspective, it is significantly more 
important that a power plant has a high ητ [22], rather than 
merely a high η (instantaneous efficiency, Equation 1), as this 

means society receives more electricity out while putting less 
primary energy and money in.  

 The concept of ητ  is not entirely new. Energy return on 
investment (EROI) analyses are commonly used to pit the 
efficacy of energy generation technologies against one another 
[23]. However, while these EROI analyses include some 
energy inputs for construction, operation, and end-of-life 
management, they fail to account for the energy contained 
within the fuel itself. In other words, they do not account for 
the free enthalpy of the fuel. EROI values for coal and natural 
gas power plants >1 are regularly reported [23]. This is 
physically impossible, as a fossil fuel cannot produce more 
energy than is contained within itself. Our Equation 2 does 
account for this energy use and hence, also for CO2 emission. 

 Alternatively, monetary lifetime efficiency metrics could 
be considered; however, complexity of input parameters 
makes comparisons between different technologies difficult, 
if not impossible to be accurate. Due to massive subsidies 
involved in fossil fuels, geographic dependence of regulations 
and tax incentives offsetting costs for renewables, and a vast 
array of financing options, complexity in totaling these for a 
single power plant makes for an impractical metric. 

 We argue here that a more consistent comparison can be 
made using 𝜂𝜏  and the parameters in Equation (2). The 
resulting values can be validated by comparison to a power 
plant’s CO2 efficiency, which is based solely on 
thermodynamic principles relevant for the energy generation 
technologies considered here. 

 A power plant’s ητ is directly linked to its CO2 efficiency. 
The higher the ητ, the lower the CO2 emission to produce a 
certain amount of electricity. The maximum equivalent energy 
contained in the oxidation of carbon can be derived from the 
relative enthalpy of C (0 kJ/mol) and comparing it to the 
relative enthalpy of CO2 (-393.8 kJ/mol [24]). CO2 molar mass 
is 44.01 g, meaning 0.0025 kWh of energy is released during 
the reaction of carbon into one gram of CO2, or the inverse, 
402.3 g of CO2 is generated to obtain 1 kWh of energy if the 
process is 100% efficient. For natural gas, the relative 
enthalpy of methane combustion has to be considered (-890 
kJ/mol [25]): 177.9 g of CO2 is generated to obtain 1 kWh of 
energy if the process is 100% efficient. CO2 efficiency 
calculations by previous authors are therefore a metric to 
compare and validate 𝜂𝜏 estimates.  

In the following, we present the ητ of coal, combined cycle 
gas, and PV power plants. The ητ values are compared with 
their CO2 efficiency. 

B. High-Performing Coal Power Plants 

It has been shown that coal plants are retired at an average 
lifetime of 46 years globally [7], but a wide distribution allows 
for many to be in service for longer than even 60 years [26]. 
The energy payback time of a coal power plant cannot be 
calculated, as a fossil-fuel based power plant will never 
produce more energy than it consumes when the chemical 
energy of the fuel itself is accounted for.  

The thermal efficiency of a coal power plant can reach 
45.5% [19]. Practical ητ values reported range between 35% 
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and 42% [19, 20] when the energy required to construct the 
power plant and mine the coal is included. The CO2 equivalent 
for producing electricity from brown coal/lignite amounts to 
1075 g of CO2 per kWh of electricity [27]. Comparing to the 
energy content of the reaction of 402.3 g of CO2 per kWh (see 
above) gives a CO2 efficiency of 37%,  which is within the 
35%-42% range of ητ reported by others [16, 17].  

C. Combined Cycle Gas Power Plants 

       Combined cycle gas turbine (CCGT) plants integrate gas 
turbines with steam engines, offering the highest power 
conversion efficiency out of all fossil fuel combustion 
technologies. 25-30 years is the expected operating life for a 
CCGT plant. Again, as these are fossil fuel power plants, 
CCGT plants do not have an energy payback time since the 
fuels required for operation cannot provide more output 
energy than what they contain.  

 Thermal efficiencies are reported to exceed 60% [21]. 
Reported CO2 emissions are somewhat varied: 330 g [21], 
436.0 g [28], 439.7 g [29], and 499 g [27] of CO2 per kWh of 
electricity, giving 53.9%, 40.8%, 40.5%, and 35.7%, 
respectively. While gas power plants provide electricity at 2-
3 times less CO2 emission than coal power plants, their 
emission is still 7-19 times higher than that of PV generated 
electricity, shown in the next section. Therefore, ητ of 
combined cycle gas power plants is 7-19 times lower than that 
of PV power plants which should be emphasized more when 
discussing the future electricity mix.   

D. PV Power Plants 

ητ calculated according to Equation (2) for photovoltaics 
can be obtained by dividing the operating lifetime by the 
energy payback time. 

 Manufacturers guarantee a lifetime of 25 years—which is 
usually a guarantee they will operate at 80% of their rated 
output—but most solar power plants show a lifetime well 
beyond the warranty [30]. For example, solar panels from the 
1980s from Ameco Solar in southern California are still 
operating [31], while a 336 module array from AEG-
Telefunken have been operating at the University of 
Oldenburg for more than 35 years [32]. 

The energy payback time strongly depends on the 
technology and on the location in which the solar modules are 
mounted. A twice as high solar irradiance directly translates 
into division of the payback time by two. Energy pay back 
times currently range between 1-3 years [27]. If we assume 
the shortest possible lifetime (25 years) and the longest 
possible energy payback time (3 years), this gives us the lower 
boundary for the lifetime energy efficiency of a PV system, 
namely a factor of 8.3 and hence a lifetime efficiency of 830%. 
In a more optimistic, but still realistic scenario, where we 
assume a lifetime of 30 years and a payback time of 2 years, 
the efficiency would amount to 1500%, as announced in the 
title of this abstract. In a really optimistic scenario of 35 years 
lifetime and 1 year of energy payback time, the efficiency 
reaches 3000%.  

A more complete analysis should include the degradation 
rate of the PV modules. The average degradation rate varies 
between 0.5% and 1%, with high-performance crystalline 

silicon even reaching 0.2% per year [30]. However, these 
values are insignificant compared to the discrepancy between 
ητ for PV and ητ for coal and gas: 830%-3000% compared to 
35%-42% and 35.7%-53.9% (CO2 efficiency), respectively. 

We admit this approach of reporting efficiency is more 
complicated and requires more input information. Often, 
lifetime and energy payback time are not readily available at 
the time a new technology is introduced. However, for 
terrestrial PV applications, this is the most important metric 
and hence, deserves more attention by the PV research 
community.  

CO2 intensity studies implicitly contain the ητ information. 
Fraunhofer ISE reports PV electricity amounts to ~50 g CO2 
equivalent per kWh generated electricity [27]. Comparing to 
the energy content of the reaction of 402.3 g of CO2 per kWh 
(see above) leads to a CO2 efficiency of 803%. Hence, this 
value corresponds to the most conservative scenario of 
lifetime efficiency described here. V. Fthenakis and M. 
Raugei found 17-27g CO2 equivalent per kWh generated 
electricity depending on the solar cell technology and 
dependent on location [33]. Transforming this into CO2 
efficiency leads to 1490%-2366% CO2 efficiency and hence, 
validates the title of this paper.  

III. A DETAILED BALANCE APPROACH: ADDING IN FOSSIL 

FUEL GENERATION 

The presented comparison assumes fossil fuel resources 
are infinite and that the solar irradiance energy does not need 
to be taken into account. But what if we do include the solar 
energy? In this case, the approach needs to include that fossil 
fuels originated from solar energy and that their replenishment 
requires a certain amount of solar energy. Nowadays, we can 
generate energy more efficiently through specialized crops, 
instead of waiting millions of years for plants to become a 
fossil fuel. Crops such as canola enable bio fuel generation 
with around 1% solar energy conversion efficiency. Used in a 
40% efficient power plant, this leads to an overall efficiency 
of 0.4%. A very descriptive way of visualizing this low 
efficiency is by comparing how far a car can travel fueled by 
either bio fuel or by PV power, both being produced on 1ha 
(0.01 km2) of land over the course of one year. The PV 
powered car could go 4.24x106 km while the bio fuel car could 
go 1.024x105 km in the best-case scenario [27]. This 
corresponds to a factor of 41, further highlighting the 
efficiency disparity between non-renewable fuels and PV. We 
as a PV community must more actively highlight this 
disparity. 

IV. CONCLUSION 

     We have presented a comparison of PV, coal, and 

combined cycle gas power plants with respect to their lifetime 

efficiency ητ, i.e. the total generated electricity divided by the 

total primary energy consumption. This total energy 

consumption takes the oxidization of the fuel into account 

and therefore, can directly be related to the CO2 efficiency of 

a certain process. Using this metric, it can be seen that PV 

power plants are 7-19 times more efficient than combined 

cycle gas power plants and 14-50 times more efficient than 
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coal power plants. We argue using ητ or CO2 efficiency when 

communicating with non-experts to avoid the inaccurate 

perception of PV as a low efficiency technology. 
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