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Selected Abbreviations 

CCUS – Carbon capture utilization and storage  

eROI – Energy return in energy invested  

VRE – Variable renewable energy, such as wind and solar 

HELE – High efficiency, low emission 

IEA – International Energy Agency in Paris 

FCOE – Full cost of electricity 

LCOE – Levelized cost of electricity 

MIPS – Material input per unit of service (or output) 

PES – Primary energy supply, or PE for primary energy 

PV – Photovoltaic 

USC – Ultra-super-critical 

VRE – Variable renewable energy 

~  – Approximately 

 

Preface: 

• Energy (in Watt-hour or Wh, in German “Arbeit oder Energie”) vs. Power (in Watt or W, in German 
“Leistung”) 

− Energy is the capacity to do work. Power is energy per unit of time. Thus, energy is what makes 
change happen and can be transferred form one object to another. Energy can also be transformed 
from one form to another. Power is the rate at which energy is transferred. 

− Once you know both the energy storage capacity (i.e., MWh) of a battery and the output power (i.e., 
MW), you can simply divide these numbers to find how long the battery will last.  

− Energy is stored in a Tesla battery (i.e., 100 kWh). “Horse”-power, let’s say 150 kW, is what moves 
the car forward. The battery, filled with energy (kWh), drains over time depending on how much 
power (kW) is required for moving the car, which depends on how you drive and the surrounding 
conditions. 

• Capacity Factor “CF” (in German “Nutzungsgrad”) is the percentage of power output achieved from the 
installed capacity for a given site, usually stated on an annual basis.  

− Capacity factor is different from the efficiency factor. For comparison, efficiency measures the 
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percentage of input energy transformed to usable or output energy.  

− In Germany, photovoltaics (“PV”) achieves an average annual capacity factor of ~10−11%, while 
California reaches an annual average CF of 25% (Schernikau & Smith, 2021). Thus, California yields 
almost 2,5x the output of an identical PV plant in Germany.  

− It is important to distinguish between the average annual capacity factor and the monthly or better 
weekly and daily capacity factor, which is very relevant when keeping an electricity system stable that 
requires demand to always equal supply for the electric frequency to remain stable. 

• Conservation of Energy – the 1st Law of Thermodynamics essentially states that energy can never be 
created from nothing nor lost into nothing, only converted from one form to another. Different forms of 
energy include thermal, mechanical, electrical, chemical, nuclear, and radiant energy. 

• Entropy of Energy – the 2nd Law of Thermodynamics essentially distinguishes between useful energy (low 
entropy) that can perform work and less useful energy (high entropy) that cannot easily perform work.  

− Entropy is a measure of randomness, disorder, or diffusion in an energy system where greater disorder 
= greater entropy. 

− Whenever energy is converted from one form to another, there is always some fraction of useful 
energy that becomes useless (entropy/disorder increases).  

− Planck said in other words “Every process occurring in nature always increases the sum of the 
entropies of all bodies taking part in the process, at the limit – for reversible processes – the sum 
remains unchanged.” 

− The 2nd Law of Thermodynamics thus explains why perpetual motion machines are not possible. 

− Thus, the more complex energy processes are, the more useful energy is lost.  

 

Abstract 

Understanding electricity generation’s true cost is paramount to choosing and prioritizing our future energy 
systems. This paper introduces the full cost of electricity (FCOE) and discusses energy returns (eROI). The 
authors conclude with suggestions for energy policy considering the new challenges that come with global 
efforts to “decarbonize”. 

In 2021, debate started to occur regarding energy security (or rather electricity security) which was driven by an 
increase in electricity demand, shortage of energy raw material supply, insufficient electricity generation from 
wind and solar, and geopolitical challenges, which in turn resulted in high prices and volatility in major 
economies. This was witnessed around the world, for instance in China, India, the US, and of course Europe. 
Reliable electricity supply is crucial for social and economic stability and growth which in turn leads to 
eradication of poverty.  

The authors explain and quantify the gap between installed energy capacity and actual electricity generation 
when it comes to variable renewable energy. The main challenges for wind and solar are its intermittency and 
low energy density, and as a result practically every wind mill or solar panel requires either a backup or storage, 
which adds to system costs. 

Widely used levelized cost of electricity, LCOE, is inadequate to compare intermittent forms of energy 
generation with dispatchable ones and when making decisions at a country or society level. We introduce and 
describe the methodology for determining the full cost of electricity (FCOE) or the full cost to society. FCOE 
explains why wind and solar are not cheaper than conventional fuels and in fact become more expensive the 
higher their penetration in the energy system. The IEA confirms “…the system value of variable renewables such 
as wind and solar decreases as their share in the power supply increases”. This is illustrated by the high cost of 
the “green” energy transition. 

We conclude with suggestions for a revised energy policy. Energy policy and investors should not favor wind, 
solar, biomass, geothermal, hydro, nuclear, gas, or coal but should support all energy systems in a manner which 
avoids energy shortage and energy poverty. All energy always requires taking resources from our planet and 
processing them, thus negatively impacting the environment. It must be humanity’s goal to minimize these 
negative impacts in a meaningful way through investments – not divestments – by increasing, not decreasing, 
energy and material efficiencies. 

Therefore, the authors suggest energy policy makers to refocus on the three objectives, energy security, energy 
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affordability, and environmental protection. This translates into two pathways for the future of energy:  

(1) invest in education and base research to pave the path towards a New Energy Revolution where energy 
systems can sustainably wean off fossil fuels.  

(2) In parallel, energy policy must support investment in conventional energy systems to improve their 
efficiencies and reduce the environmental burden of generating the energy required for our lives. 

Additional research is required to better understand eROI, true cost of energy, material input, and effects of 
current energy transition pathways on global energy security. 

Keywords: energy, electricity, fossil fuels, natural gas, coal, nuclear, wind, solar, renewables, energy, energy 
policy, clean coal technology, USC  

1. Introduction (Today’s Global Electricity Systems) 

In 2019, fossil fuels – in order of importance – oil, coal, and gas made up ~80% of global primary energy 
(“PE”) production totaling ~170.000 TWh or ~600 EJ. Despite Covid and significant wind and solar capacity 
additions, the percentage has not changed in 2021, quite the contrary, coal made a comeback (IEA, 2022a). Coal 
and gas made up ~60% of global gross electricity production totaling ~28.400 TWh in 2021. It is important to 
note that global electricity production makes up ~40% of primary energy with transportation, heating, and 
industry accounting for the remaining ~60% (Figure 1).  

Current energy policy focuses on the electrification of energy, thus significantly increasing electricity’s share 
of primary energy by using electricity more for transportation (see EVs), heating (see heat pumps), and industry 
(see DRI, producing steel using hydrogen). Therefore, this paper focuses on electricity. For a more 
comprehensive discussion on transportation, the authors recommend Kiefer 2013 Twenty-First Century Snake 
Oil, that includes details on hydrocarbons and biofuels for transportation which are not covered herein in greater 
detail. 

Despite trillions of US dollar spent globally on the “energy transition”, the proportion of fossil fuels as part of 
total energy supply has been largely constant at around 80% since the 1970s when energy consumption was less 
than half as high (WEF, 2020). Also in Europe, fossil fuels share is still above 70%. Kober et al. 2020 among 
others, confirm that total primary energy consumption more than doubled in the 40 years between 1978 to 2018. 
At the same time, energy intensity of GDP improved by a little less than 1% confirming Jevon’s Paradox that 
energy efficiency improvements are always offset by higher energy demand (Polimeni et al., 2015). 

Variable “renewables” in the form of wind and solar – while not the subject of this paper – accounted for ~3% of 
global primary energy and ~8% of global gross electricity production in 2019, and this was largely unchanged in 
2020 and 2021 (refer to Schernikau & Smith, 2021 for more details on solar and Schernikau & Smith, 2022b on 
wind). Other forms of energy supply usually categorized as “renewables” – such as biomass, hydro, geothermal, 
or tidal power – are not detailed further as they are not considered variable and have a different quality. For 
comparison, coal and gas combined accounted for ~50% of global primary energy and ~60% of global gross 
electricity production. Thus, fossil fuels still exceeded wind and solar by a “Fossil to Wind-Solar Factor” of 27x 
for primary energy and 8x for electrical power production (IEA, 2021a). 
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was put on the economic impacts of the proposed transition to VRE. The literature researched is referenced at the 
specific elements detailed in the paper. 

The cost of electricity is important for a country’s global competitiveness and a key element for economic 
development as well as the discussion on energy policy at large. Electricity systems are complex, which is also 
driven by the fact that a functioning electricity system can only supply usable power if and only if electricity 
demand equals electricity supply at all times, every second. This unique characteristic of electricity systems 
drives costs. We need to differentiate between cost, value, and price, which are not the same. Further below we 
discuss only cost. 

• Cost – the resources and work required for production. 

• Value – the intrinsic value or utility to the consumer for a particular application as compared to its 
alternatives. 

• Price – what consumers or the market are willing to pay. The price is influenced, or distorted, by 
government or company intervention, such as laws, mandates, subsidies, geopolitics, and more. 

The true full cost of electricity, FCOE, is detailed in the following section. Cost of electricity has been studied in 
detail by several government organizations and universities. The Full cost of electricity donated as FCe was 
described in a number of white papers published at the University of Texas 2018. UT however focuses on 
transmission and distribution, paying less attention to backup, storage, and the intermittency of VRE. Also, the 
lower asset utilization of backup systems is not discussed in greater detail.  

The OECD (OECD NEA, 2018) references the full cost of electricity separating between (a) plant-level costs, (b) 
grid-level system costs, and (c) external or social cost outside the electricity system. The argument is that that the 
full cost must include all three categories, which the authors agree with. The OECD study pays more attention to 
higher volatility and complexity with added VRE in the system, but energy required or cost for recycling is not 
considered. In the OECD’s discussion on pollution and GHGs, the life-cycle emission and non-emission impact 
of energy systems is not considered, the focus is on combustion/operation and CO2 (OECD NEA, 2018, p. 101). 
The study also only marginally considers resource and space consideration. On costs the following OECD 
statements are important: 

• “When VREs increase the cost of the total system, …, they impose such technical externalities or social 
costs through increased balancing costs, more costly transport and distribution networks and the need 
for more costly residual systems to provide security of supply around the clock” (OECD NEA, 2018, p. 
39). 

• “From the point of view of economic theory, VREs should be taxed for these surplus costs [integration 
costs above] in order to achieve their economically optimal deployment” (OECD NEA, 2018, p. 39). 

Various other electricity-cost-metrics exist (Note 3) such as LCOE, VALCOE, LACE, LCOS, Integrations Costs 
of VRE, etc. For a complete cost picture, the authors introduce the full cost of electricity to society, FCOE. The 
authors’ FCOE falls into ten different categories that illustrate its complexity and many are not easily measurable 
(see Figure 5). The authors have not yet found these 10 categories considered in full by any energy economic 
institutions, government, university, private company, or any of the media. Usually only a few cost categories are 
discussed, and levelized cost of electricity (LCOE) is erroneously used most often. The socio-economic and 
environmental benefit of understanding the methods for electricity cost determination are substantial and require 
further study.  

2.1 Full Cost of Electricity – FCOE 

Since the question of electricity is one at society level, or at least at country level, the authors attempt to define 
the true full cost of electricity FCOE. Ten cost categories determine what we refer to as the Full Cost of 
Electricity “FCOE” to society: 

1) Cost of Building electricity generation/processing equipment such as a solar panel, power plant, a mine, a gas 
well, or a refinery, etc. (often referred to as investment costs). 

2) Cost of Fuel, such as oil, coal, gas, uranium, biomass, solar, or wind (which has a zero cost of fuel). This 
would include processing, upgrading, and transporting the fuel through pipelines, on vessels, rail, or trucks. It 
would also include costs for rehabilitating the source of the fuel, such as mines or wells. LCOE often assumes 
that the price for CO2 is part of the Cost of Fuel, but to be correct we define a separate category 7: Cost of 
Emissions. 

3) Cost of Operating and maintaining the electricity generation/processing equipment. 
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4) Cost of (Electricity) Transportation/Balancing systems to the end user, such as transmission grids, charging 
stations, load balancing, smart meters, other IT technology, and its increasing threat from cyber-attacks. Refer to 
BCG Guide to Cyber Security (BCG, 2021a) and the March 2022 cyber-attack on satellite infrastructure 
targeting German windmills (Willuhn, 2022). Also refer to the 2017 attack on Ukrainian energy infrastructure 
described in the excellent book Sandworm – a new era of cyberwar (Greenberg, 2019). 

5) Cost of Storage, if required medium and long-term (different from load balancing), that should include cost of 
building and operating, for example, pumped hydro, batteries, hydrogen, etc. Keep in mind that oil, coal, gas, 
uranium, and biomass are storage of energy in themselves. 

a. Full Cost of Storage must include just for storage alone (1) Cost of Building, (3) Cost of Operation, (7) 
Cost of Emissions, (8) Cost of Recycling, and (10) other metrics MIPS, lifetime, eROI. 

6) Cost of Backup technology; electricity systems include redundancy in case something happens to a power 
plant or equipment. All reliable electricity systems are overdesigned, usually by ~20% of the highest (peak) 
power demand. In addition: 

a. Every single VRE installation equipment such as wind and solar require 100% backup, storage, or 
combination of both as by nature they are not dispatchable or predictable. 

b. Conventional power plants are often used as a backup for VRE. The higher the share of VRE in the 
electricity system, the less such backup capacity will be used causing lower asset utilization. Thus, the 
cost of backup increases logarithmically as the VRE share in the energy system increases beyond a 
certain point (see also IEEJ, 2020, p. 124). 

c. Thus, backup capacity may and currently does substitute long-term storage and is included herein as a 
separate category since it has a different quality and cost. It is important to avoid double counting. 

7) Cost of Emissions includes the true cost (not arbitrary taxes or subsidies) of all air-borne emissions from 
power generation technology along the entire value chain. This would include but not be limited to particulate 
matters, SOx, NOx, as well as life cycle greenhouse gases including from building and recycling the equipment. 
Benefits of CO2 because of its proven fertilization effects for all plant life would also have to be incorporated 
(Zhu et al., 2016; NASA, 2019; WEF, 2019). For cost of global warming the authors refer to Nordhaus 2018, 
Lomborg 2020, and Kahn 2021. 

8) Cost of Recycling, decommissioning, or rehabilitation of electricity generation and, separately as part of point 
6 above, backup equipment after its lifetime expired. See also The Hidden Cost of Solar Energy published by 
INSEAD and Harvard (Atasu et al., 2021). 

9) Room Cost (sometimes called land footprint or energy sprawl) is a new cost category relevant for low energy 
density “renewable” energy such as wind, solar, or biomass. Due to the low energy density per m2 of wind, solar, 
or biomass, they take up significantly more space than conventional energy generation installations where room 
costs tend to be negligible, at least relatively to VRE. These larger space requirements negatively impact our 
environment and need to be considered. 

a. Room cost includes direct costs and opportunity costs related to the larger space required and the impact 
on, i.e., sea transportation routes, crop land, forests, urban areas, affected bird and animal life, changing 
wind and local climate, increasing temperatures, increasing water scarcity in aridic areas, noise pollution, 
etc.  

b. Climatic and warming effects of large-scale wind and solar installations are well documented but remain 
mostly ignored by the industry, policy makers, and investors (see Barron-Gafford et al., 2016; Miller & 
Keith, 2018; Lu et al., 2020; Schernikau & Smith, 2022b). 

c. A new coal power plant in India would require about 2,8 km2 per 1 GW installed capacity plus the space 
for the coal mining (Zalk & Behrens, 2018; CEA, 2020). A new solar park would take about 17 km2 per 
1 GW installed capacity, plus the space for mining the resources to build solar. 1 GW installed solar 
capacity would generate much less electricity due to solar’s low-capacity factor. Adjusting for a 16,5% 
average Spanish solar capacity factor, this would translate to a comparable 93 km2 for solar, or a multiple 
of 33x compared to coal. Additional space is required for backup and/or storage due to solar’s 
intermittent nature (Schernikau & Smith, 2021). 

d. The room costs per installed MW of VRE increases the higher the installed capacity reaches. The reason 
has to do with reduced capacity factor for wind in larger wind farms (see wake effect) as well the 
reduced value of additional VRE beyond an optimal penetration level (NEA, 2018, p. 84). 



jms.ccsenet

10) Other 
in US$ bu
included in

a. Ma
ene
for
of 
(se

b. Lif
tha

c. en
abo
equ
eve
hav
the
rea
req

The autho
subsidies w
an attempt
costs” and
subsidies, 

 

Note: Other i
Source: Adap

 

FCOE atte
transition 
included a
taxes even
GHG emis
39. Please
leaving ou
than half 
Schernikau

t.org 

Metrics: Thre
ut are importa
n LCOE: 

Material Input 
ergy equipmen
r energy equip
Energy DOE 

ee Figure 4, DO

fetime: measu
at repowering o

ergy Return o
ove. eROI al
uipment. It in
ery 2 kWh of 
ve a buffered 
e authors cons
ached an eRO
quired. 

ors emphasize 
which in fact a
t to emulate s
d therefore ma
or prices (rath

includes iron, lead
pted from DOE, 2

empts to estim
to the global 

as a separate i
n though the pr
ssions, or miss
e note that to 
ut life-cycle em

of anthropog
u & Smith, 2

J

ee more eleme
ant for enviro

Per Unit of S
nt in tons of r

pment thus mea
and the IEA 

OE, 2015; IEA

ures how long t
of wind and so

on Investment
so accounts f
cludes all emb

f output energy
eROI of about

sider to be too
OI of 2:1. Muc

here that the 
are arbitrary (N
uch true costs
ay not be the 
her than costs) 

Figure 

d, plastic, and silic
015, Table 10.4, p

mate the true co
cost of any h

item (Note 4).
roduction and 
sing integratio
date, CO2 or 

missions along 
genic CO2 em
022a on Clim

Journal of Mana

ents of the Full
onmental effic

Service (MIPS
raw materials p
asures an impo
document the 

A, 2020d, p. 6)

the equipment
olar significant

t (eROI): in a 
for the net en
bedded energy
y. As per Wei
t 2−4. Nuclear

o optimistic). R
ch uncertainty

Full Cost of
Note 4). Gover
s or to support
right metric f
of certain elem

4. Base-mater

con 
p. 390. 

ost to society t
human-caused
 Neither are s
recycling of s

on costs for VR
“carbon” taxe
the entire valu

missions end u
mate Impacts o

agement and Sus

104 

l Cost of Elect
ciency of elec

S) measures th
per MW capa
ortant element
high material

. 

t is used befor
tly reduces the

way summari
nergy efficien
y. An eROI of
issbach et al. (
r has an eROI 
Roman culture
y remains abou

f Electricity “F
rnments somet
t research & d
for all investm
ments.  

rial input per 1

that is relevant
d climatic cha
subsidies for w
solar and wind
RE as explaine
es include only
ue chain, such 
up air-borne w
of Fossil Fuels

stainability

tricity FCOE a
tricity generat

he material or
acity and per M
t of environme
l input for ren

re it is retired o
e designed lifet

izes a large po
ncy of buildin
f 2:1 means in
(2013), solar a
of about 75, a

e, the most eff
ut actual eRO

FCOE” to so
times impose g
development. 
ment decisions

 TW generatio

t when estimat
anges. Therefo
wind and solar
d capacity and 
ed before and 
y direct CO2

as methane an
with the rema
ls). Therefore, 

are metrics tha
tion. None of

r resource effi
MWh produced
ental impact. T
newable techno

or replaced. W
time. 

ortion of all m
ng, operating, 
nvesting 1 kW
and biomass in
and coal and g
ficient pre-ind

OI values and 

ociety does no
government se
FCOE will ac
s that have to 

on 

ting the global
ore, fossil fuel
r included, suc
backup system
detailed in OE
emissions from

nd other GHGs
ainder taken u

CO2 taxes ar

Vol. 12, No. 1;

at are not meas
f these metric

iciency of bui
d electricity. M

The US Depart
ology and cap

We need to con

measures menti
and recycling

Wh input energ
n Northern Eu
as about 30 (w

dustrial civiliza
further resear

ot include taxe
et prices or tax
ccount for all 

incorporate t

l cost of the en
l subsidies are
ch as missing 

ms incur signif
ECD NEA 201
m fuel-combu
s. Additionally
up by nature 
re misleading

2022 

sured 
s are 

lding 
MIPS 
ment 

pacity 

nsider 

ioned 
g the 
y for 

urope 
which 
ation, 
ch is 

es or 
xes in 
“true 
axes, 

 

nergy 
e not 
CO2 

ficant 
18, p. 
ustion 
y, less 

(see 
g and 



jms.ccsenet

wrong, ca
climate rea
LNG prod

From the 
Electricity
sometimes
economica
level. Only
though its 

Renowned
Economics
the incom
usually w
institution

Undesirab
mixed to p
above. Fo
electricity 
(IEEJ, 202
discussed 
low-capac
capacity, r

The IEA c
wind and s
of renewa
example, i
partially u
impossible

 

Note: Age ca
al., 2013. 
Source: Sche

 

 

t.org 

ausing econom
asons, dismiss

duction. 

above analysi
y LCOE – wh
s certain CO2

ally viable me
y FCOE inclu
true value is d

d energy think-
s Institute (IEE

mpleteness of 
without clear d

s, NGOs, com

le effects occu
provide a coun
or instance, be

system alway
20, p. 124; IE
differential e

ity factors, in
room costs for 

confirmed in D
solar decrease

able capacity (
it doesn’t chan
sing forced lab
e 100% quantu

artoon original fro

ernikau Research a

J

mic and enviro
sing the higher

is (see also Sc
hich only inclu
2 taxes (part 
asure with wh

udes all relevan
difficult – but n

-tanks such as 
EJ) in Japan, th
LCOE multip

disclaimers an
mpanies, many s

ur when conv
ntry’s electricit
eyond a certai
s increases wit
EA, 2019a, 20
energy density
terconnection 
the space requ

December 2020
es as their shar
(cost item 1: 
nge the conclu
bor reaches zer
um efficiency. 

Figure 5. Full

om Alexandra Mar

and Analysis. 

Journal of Mana

onmental und
r climate impa

chernikau and
udes Cost of B
of Cost of E

hich to evaluat
nt economic a
not impossible

the Internation
he OECD, or t
ple times. Yet 
nd notes, even
scientists, and 

ventional fuels
ty. These effec
in point, usua
th higher share
020c, p. 13). 
y and efficie
costs, materia

uired and plant

0 (IEA 2020c,
re in the powe
Cost of Build

usion even if t
ro. This would

l cost of electr

rtin; energy cliff f

agement and Sus

105 

desired distort
act of methane

d Smith 2022a
Building (1), 

Emissions 7) 
te different for
and environme
e – to determin

nal Energy Ag
the US Energy
LCOE contin

n by these a
the common p

s and variable 
cts would be m
ally about a 1
es of variable r
The reasons i

ency, intermitt
al and energy 
t/animal life de

, p. 14): “…th
er supply incre
ding) continue
the price of so
d also remain t

ricity to society

from eROI for beg

stainability

tions such as 
e emissions as

a), it can be co
Cost of Fuel 
– is not a re

rms of energy 
ental costs fro
ne.  

gency (IEA) in
y Information
nuess to be w

agencies thems
press.  

renewable en
measured comp

0-20% capaci
renewable ene
include but ar
tency and thu
costs, low eR

estroyed, recyc

e system value
eases”. This w
es to decline o
olar panels pro
true if wind or 

y – A complete

ginners; MIPS car

the switch fro
ssociated with 

oncluded that 
(2), Cost of O

eliable, nor e
generation at 

m emissions a

n France, the In
n Agency (EIA
widely used d
selves, by go

nergy VRE (w
pletely by FCO
ity share, the 
ergy VRE, such
re not limited
us backup/sto

ROI, efficiency
cling needs, an

e of variable r
ould also rema
or even were 
oduced with co

solar technolo

e picture 

rtoon from Seppo.

Vol. 12, No. 1;

om coal to ga
gas and espec

Levelized Co
Operation (3),
environmentall

country or so
and non-emiss

nternational En
A) have pointed
despite its fail
overnments, b

wind and solar
OE categories 

cost to a nat
h as wind and 

d to the previo
orage requirem
y losses of ba
nd so forth. 

renewables suc
ain true if the 
to reach zero

oal power in C
ogy would reac

.net, eROI Weissb

2022 

as for 
cially 

ost of 
, and 
ly or 

ociety 
sions, 

nergy 
d out 
lings, 
anks, 

r) are 
1−10 
tion’s 
solar 
ously 
ment, 
ackup 

ch as 
price 
. For 

China 
ch an 

 

bach et 



jms.ccsenet.org Journal of Management and Sustainability Vol. 12, No. 1; 2022 

106 

LCOE is inadequate to compare intermittent forms of energy generation with dispatchable ones, and 
therefore when making energy policy decisions at a country or society level. LCOE may, however, be used 
selectively to compare dispatchable generation methods with similar material and energy inputs, such as coal and 
gas. Using FCOE, or the full cost to society, wind and solar are not cheaper than conventional power generation 
and in fact become more expensive the higher their penetration in the energy system. This is also illustrated by 
the high cost of the so-called “green” energy transition especially to poorer nations (McKinsey, 2022; Wood 
Mackenzie, 2022). If wind and solar were truly cheaper – in a free market economy – they would not require 
trillions of dollars of government funding or subsidies, or laws to force their installation.  

2.2 Energy Return on Energy Invested ‒ eROI 

The authors suggest that environmental efficiency of energy is more complex than GHG emissions alone. 
Especially energy return on energy invested, or energy return ‒ eROI, material input, lifetime, and recycling 
efficiency need to be considered as they determine additional very important environmental and economic 
elements for evaluating electricity generation.  

eROI measures the energy efficiency of an energy gathering system. Higher eROI translates to lower 
environmental and economic costs, thus lower prices and higher utility. Lower eROI translates to higher 
environmental and economic costs, thus higher prices and lower utility. When we use less input energy to 
produce the same output energy, our systems become environmentally and economically more viable. When we 
use relatively more input energy for each unit of output energy, we risk what is referred to as “energy 
starvation” (see Appendix on energy shortages). At an eROI of 1 or below, we are running our systems at an 
energy deficit.  

Note: Vaclav Smil’s Energy and Civilization – a History (Smil, 2017) is an excellent, highly-acclaimed 
book on the subject of energy. In addition, the authors recommend Kiefer (2013) and Delannoy et al. (2021) 
for more detailed discussions on eROI. Kis et al. (2018) approach eROI by using GER (Gross Energy Ratio) 
and GEER (Gross External Energy Ratio). Kis et al. define GEER as life-cycle eROI and find a global 
average for GEER of approx. 11:1. Due to the complexity of eROI, more research is required in 
harmonizing the approach for its determination.  

The eROI is generally higher for wind than for solar, also driven by the higher average capacity factor. 
According to Carbajales-Dale et al. (2014), the average solar PV from a net energy efficiency point of view can 
only “afford” 1,3 days of battery storage “before the industry operates at an energy deficit”. Wind, from a net 
energy efficiency point of view, can “afford” over 80 days of geological storage (12 days of battery storage). 
However, for the mentioned net energy efficiency calculations, the researchers made the simplifying yet 
unrealistically generous assumption that a generation technology is supplied with enough energy flow (either 
wind or sunlight) to deliver 24h of average electrical power output every single day. This means days or weeks 
with no sun or wind would multiply the storage requirement and therefore further diminish the net energy 
efficiency or eROI. Carbajales-Dale et al. included the proportion of electricity output consumed in 
manufacturing and deploying new capacity. 

It can be concluded that wind and solar have a very low eROI and are therefore a step backward in history in 
terms of system energy efficiency. Their grid-scale employment risks energy starvation and is therefore not 
desirable economically nor environmentally. The authors would like to point out that for certain applications, i.e., 
heating a pool that is not connected to the grid or heating water for personal use in remote areas, solar and wind 
may be a desirable complement to our energy systems. The installation of wind and solar does reduce the amount 
of fossil fuels combusted assuming no increase in power demand, which is the only positive of their employment. 
This positive aspect comes at high costs summarized illustratively in Figure 3: Summary of shortcomings of 
variable renewable energy for electricity generation. 
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The human and economic costs from shortages in electricity supply are apparent from several examples 
worldwide. A European example includes the 28th September 2003 Italian power outages. That day, the North of 
Italy experienced up to 3h-outage and the South (Sicily) up to 16h. A loss of 200 GWh to customers resulted in 
an estimated EUR 1,2 billion economic loss (Baruya, 2019, former IEA Clean Coal Center). Baruya summarizes 
“In developing regions, such as sub-Saharan Africa, shortages in energy supplies impede business and economic 
growth. In advanced economies, failure in the power grid and generating capacity has also led to measurable 
economic losses, such as those seen in Italy in recent years”. Another direct impact of electricity outages will be 
loss to human lives and health. It must be noted, that none of the “Net-Zero” models or scenarios account for any 
cost resulting from energy shortage or energy starvation. 

We have shown that the “energy transition” to variable renewable forms of energies such as wind and solar 
will result in higher electricity costs. Energy-transition-supporting strategy consultant McKinsey 2022 
summarizes “A Net-Zero transition would have a significant and often front-loaded effect on demand, capital 
allocation, costs, and jobs”. Research shows that a rise in electricity prices impacts economic output. Baruya 
2019 summarized the impact of rising electricity costs to industries in China, the US, Russia, Mexico, Turkey, 
and Europe based on scientific research. The coefficients of elasticity between economic output and electricity 
prices were irrefutably negative. Output declined faster in the non-metallic minerals (cement) sector, metal 
smelting and processing, chemical industry, and mining and metal products. For example, in Vietnam, impacts of 
an increase in the electricity tariff on the long-run marginal cost of products manufactured using 
electricity-intensive processes were examined in 2008. An increase in tariffs drove price inflation of all affected 
goods and services (Baruya, 2019). 

Baruya (2019) continues and confirms the authors’ analysis how the retirement of fossil fuel-fired power plants 
without adequate, reliable, and affordable alternatives will “reduce the amount of backup power to less than the 
amount required to meet capacity shortages during peak electricity demand”. Developing and industrializing 
nations, such as India, Indonesia, Bangladesh, and Pakistan will be negatively affected by the cessation of 
funding from Western financial institutions. Alternative funding may lead to the adoption of less efficient 
generating technologies resulting in increased environmental burden. Consequently, industrializing countries that 
do not invest in high-efficiency, low-emissions (HELE) conventional fuel technologies could face higher costs of 
generation, higher emissions reducing their competitiveness, and as a result slowing economic growth. 

If investments in fossil fuels will not increase substantially and very soon, a prolonged global energy crisis 
will be difficult to avoid this decade. This remains true, even if all sustainability goals are achieved and wind 
and solar capacity continues to increase as planned or hoped. Global energy markets during the 2021 Covid 
recovery in Europe and Asia and the Russian/Ukrainian war in 2022 are testimonies to the impact of energy 
shortages.  

The authors refer to Kiefer 2013 and reiterate that today oil, coal, gas, and uranium are the primary energy 
sources that nourish rather than starve governments and economies. A true primary energy source, like a true 
food source, need not to be subsidized. It must, by definition, yield many times more energy (and wealth) than it 
consumes, or else it is a sink, not a source. It is not by subsidies, but rather by the merits of eROI, material 
efficiency, and energy density, and in spite of heavy taxation and fierce competition with other energy 
alternatives, that oil, coal, gas, and nuclear have grown to dominate the global energy economy by over 80%. 
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Notes 

Note 1. The numbers include only “EEG-Gesamtvergütung” (EEG compensation package), but no other 
investments, research, subsidies, etc. 

Note 2. The fall of primary energy, among others, has to do with the assumed 100% efficiency of wind and solar 
electricity when calculating its share in PE. In other words, it is mistakenly assumed that wind and solar 
electricity generation was converted, conditioned, balanced, and transmitted at 100% efficiency without any 
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losses or energy costs, or at least at the same efficiency as conventionals, which is not the case. If one were to 
assume a more realistic lower net efficiency, the primary energy share of wind and solar would increase and 
reported total primary energy in Germany wouldn’t fall as much.  

Note 3. LCOE = Levelized Cost of Electricity; VALCOE = Value-Adjusted Cost of Electricity; LACE = 
Levelized Avoided Cost of Electricity; LCOS = Levelized Cost of Storage; VRE = Variable Renewable Energy. 

Note 4. The IMF reported about US$ 450 billion of global “explicit” fossil fuel subsidies in 2020 and about 
US$ 5,5 trillion in so called “implicit” subsidies for fossil fuels (IMF, 2021). IRENA estimates that “renewables” 
received around US$ 130 billion of subsidies in 2017 (IRENA, 2020), thus per MWh significantly more than 
fossil fuels. The EU spends already more subsidies on “renewables” than on fossil fuels in absolute terms (EC 
2022, p. 30). The authors dismiss the logic of implicit subsidies as virtually any number can be calculated 
depending on the assumptions made, and all forms of energy receive “implicit” subsidies, whether it be solar, 
wind, biomass, hydro, gas, coal, or nuclear. For example, wind and solar are not CO2-taxed even though their 
production and recycling emit significant amounts of GHGs. For projected cost of global warming, please refer 
to Nordhaus 2018, Lomborg 2020, and Kahn 2021. To truly compare subsidies, they will always have to be 
baselined on a per unit of output energy basis and include the full value chain, which is rarely done. 

Note 5. Based on Kiefer 2013: eROI for humans and oxen as ratio of max work output divided by food calorie 
input calculated from Homer-Dixon’s online data as 0,175:1. eROI for Roman wheat as ratio of food calorie 
output divided by labor and seed grain inputs was 10,5:1. eROI for alfalfa was 27:1. Humans eating wheat yield 
heavy labor eROI of 0,175 x 10,5 = 1,8:1. Oxen eating alfalfa yield eROI of 0,175 x 27 = 4,7:1. Teaming 
humans with oxen and applying reductions for idle time and for light work/skilled labor versus heavy labor gives 
~4,2:1 peak eROI and ~1,8:1 sustained eROI. 
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