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attention of technical resources toward more sustainable
alternatives, excessive cost, land use, and limited production
scale continue to be barriers to the development of practical
options for nonfossil-based resources.9,10 Reduction of fossil fuel
use by replacement with renewable energy alternatives is
certainly not the only approach to lowering greenhouse gas
emissions (for example, CO2 capture is another), but it is
difficult to imagine significant climate action without it.

The deployment of such practical renewable options must
also consider the suitability of the renewable fuel for the end use
in which it replaces a fossil-based one. For example, many
manufacturing processes require heating in excess of 400 °C, a
temperature that is accessible with hydrogen but not by other
renewable fuels, such as biomass. Likewise, various internal
combustion engines carry a specific set of fuel and mobility
requirements, which must be met for any renewable substitute.
Lack of attention in matching fuel with application risks
significant infrastructure changes and associated costs, intro-
duction delays, and limited market penetration. In this regard,
electrification has not only the great advantage of providing a
common established energy platform but also the inherent
efficiency benefits compared to combustion-based alternatives
in transportation and other applications for which high-
efficiency electric motors provide an alternative.

It is the goal of this work to provide a roadmap for a transition
toward a zero carbon emissions world which takes into account
the following:

(a) the current energy consumption of fossil fuels and the
contribution of the various end uses to energy losses and
CO2 emissions;

(b) the state of development and likely potential for
development of practical, available, and cost-effective
reliable renewable alternatives;

(c) opportunities for renewables to reduce both energy
consumption and CO2 emissions by reduced fossil fuel
use and improved energy efficiencies;

(d) a path that connects b and c, accounting for the
requirements of the energy sectors, which maximizes
energy efficiency, carbon reduction, and land utilization
while minimizing cost.

This approach, which derives its novelty from a quantitative
comparison of the energy source distribution in the NZE
scenario for both existing and potential performance factors of
CO2 emissions, cost, energy efficiency, and land use with that for
actual 2021 data, provides a blueprint for optimized deployment
of established renewable technologies and for rational develop-
ment of emerging ones based on solar conversion to hydrogen
and biofuels. In contrast to previous studies, which provide
assessments of individual technologies, this work provides a
common set of criterion and dimensional analysis against which
the contrast between the current state and likely outcomes can
be drawn and the difficulty of those alternatives are brought to
light.

Energy Flows and Resulting CO2 Emissions. In 2021,
fossil fuel resources supplied about three-quarters of the world’s
energy needs, with the rest from renewables and nuclear11

(Figure 1). Several sources (New Momentum,12 STEPS,13 and
APC13) project 2050 levels of renewable energy alternatives
(53−82 K terawatt hours per year) that are well below the Net
Zero Emissions (NZE) Scenario13,14 of 100 K terawatt hours
(TWh) per year required for a 50% probability of global average
temperature rise remaining <1.5 °C above preindustrial levels.

Given the current trajectory of increased fossil fuel use in the
past two years, the addition of about 67 K TWh of renewables
and elimination of over 100 K TWh of fossil fuels that would be
required over the next three decades is unlikely without a
dramatic change in the competitiveness of renewables and a
roadmap for their implementation.

Consideration of the fuels and applications that renewable
alternatives will replace will facilitate their commercial
introduction on such an unprecedented massive scale. This
requires a breakdown of fossil fuels not only by their chemical
and physical properties of existing fossil fuels but also of the
applications and energy conversion devices currently powered
by fossil fuels.

Drop-in renewable replacements (e.g., biodiesel) minimize
barriers to market introduction but may not always be practical
and do not take advantage of potential efficiency improvements
afforded by renewables15 (e.g., electrification). An illustration of
the energy conversion profiles of the three major fossil fuel
resources, oil, coal, and gas, such as depicted in Sankey diagrams,
provides insights into the seamless transition of each to a
renewable alternative.

An illustration showing the flow of energy from the three
major fossil fuel sources (crude oil, coal, and natural gas)
through the products of refining and energy conversion to the
energy market applications is presented in Figure 2. The
majority of oil is used for transportation fuels (mainly gasoline
and diesel) and that of coal for electricity generation, with
natural gas equally split between power and heat generation. The
largest use of electricity is for motors (46%), which run a
multitude of equipment types, including condensers, fans, and
machine drives across industrial, commercial, and residential
markets. While efficiencies can vary with size and load, most
motor are designed for 75−100% load; average energy
efficiencies are about 90% across a broad range of applications
and sizes. Other major electrical uses include electric heaters,
lighting, and electronic devices (see Tables S7 and S9 in the
Supporting Information). Heating grades can be divided into the
temperature ranges required: less than 100 °C (e.g., for space
and water heating), 100−400 °C (for typical industrial
processing), and >400 °C for more thermally demanding
industrial applications. Steel manufacturing from coke at 4000
°C is in a class by itself. Replacement of these with renewable
alternatives must meet the particular requirements of each of
these applications.

Figure 1. 2021 Energy supply and 2050 Energy Scenarios (see
Supporting Information, Table S1 for further details and references).
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These alternatives must also take advantage of opportunities
to improve efficiencies, reduce overall energy demand, and
thereby reduce CO2 emissions, as required by the net zero
scenario (Figure 1). The flows of energy taking into account the
efficiencies of energy conversion to useful energy services and
the corresponding CO2 emission are shown in the analogous
Sankey diagram in Figure 3.

Of the 156 K terawatts of fossil fuels consumed in 2021, nearly
half (77 K terawatts) is lost before it is converted to useful
power. The biggest contributor to wasted energy and
opportunity for reduced consumption through efficiency
improvement is conversion to electricity (36 K terawatts, 33%
energy efficiency), followed by vehicle losses by the engine and
conversion to power to the wheels (24 K terawatt, 37% energy
efficiency), and those from heating (7 K terawatts, 83% energy
efficiency) and crude oil refining (8 K terawatts, 86% efficiency),
with much less (<1 K terawatt, 90% efficiency) from
transmission and distribution of electricity.

As expected, the largest CO2 emissions stream is the
production of electricity from coal, which is over twice as large
as the combustion of diesel fuel; 2 1/2 times larger than coal-
and gas-fired heating, natural gas-fired boilers and electric
turbines, and gasoline combustion; and three times larger than

oil- and gas-fired turbines and coke use in steel manufacturing.
Oil has the biggest production carbon footprint, with smaller
levels for coal and natural gas, and even smaller for the highly
efficient refining of oil.

A side-by-side comparison of CO2 emissions vs energy losses
(Figure 4) reveals electricity generation as a major offender,
making this the single biggest target for reduction of both. CO2
emissions from heat production (which includes 7% overall
contribution from coke use) and production and refining (which
includes a 12% component from oil production) are much
smaller as energy loss vs CO2 emission components. Engines
contribute nearly a quarter of the overall CO2 emissions and
nearly a third of energy losses. It also indicates that electrification
without reduction of its current energy and carbon footprint by
introduction of renewable sources and more efficient energy
conversion devices would be counterproductive.

The corresponding Sankey diagram for 2021 renewables
(Figure 5) shows in a dramatic fashion the ability of renewables
to reduce energy losses and CO2 emissions. It also shows that
not all 2021 renewable energies are equally desirable alternatives
in paving a pathway to zero carbon emissions but provides no
real guidance for the priorities over the next 30 years. For that, a

Figure 2. 2021 Fossil fuel energy flows in terawatt hours (details listed in Supporting Information, Tables S2−S9).
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detailed analysis of future renewable options not yet fully
developed relative to ones already matured is required.

Potential of Renewable Energy Alternatives. Renew-
able energies can be divided into those that use the virtually
limitless radiation from the sun (including solar power, biomass,
and hydrogen from solar water splitting) and those that use
other forces of nature to generate power, such as hydroelectric,
wind, geothermal, and marine power (mainly offshore wind and
ocean waves). Compared to the former, the latter are in a more
mature state of development, and therefore, their contribution
to future global energy supply can be better estimated from its
current state. In contrast, other solar-based technologies,
including algae oil and hydrogen from solar-driven water
splitting, are less developed, and their role in a 30-year
decarbonization plan is more difficult to assess; they have,
nonetheless, been identified as leading candidates for significant
additions to long-term sustainable energy based on their

potential for cost-effective conversion of low-carbon footprint
solar energy to fuel.

While these solar-based fuels present their own unique
challenging barriers to development, they also carry theoretical
limits for useful energy productivity, that is, energy per year per
area, based on the amount of available solar radiation, the
efficiency of energy conversion to fuel, and the investment in
land and infrastructure required for its scale up and transport.
Using these theoretical potential productivities as a starting
point, recent studies have also identified a more practical
technical potential productivity based on what could be
achieved even if the most optimistic efficiencies for the
conversion of solar energy to useful fuels could be achieved.
An understanding of these scenarios is key to establishing the
highest attainable performance targets. For example, the lack of
success in reaching overly ambitious theoretical productivity
targets for algae oil has resulted in the pullback of commercial
funding for large algae oil projects.17

Figure 3. Estimated 2021 fossil fuel energy efficiencies (listed at the nodes in terawatt hours) and CO2 emissions (listed in circles in billions of tons).
Details are listed in the Supporting Information, Tables S10 and S11. aCompare with 34.74 BT from fossil fuels in 2021 from ref 16.
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Similar studies on various forms of solar water splitting have
provided useful technical limits on the performance for
renewable hydrogen production.18 Hydrogen is an attractive
fuel if it can be made renewably because it produces no
greenhouse gas emission on combustion, has high gravimetric

energy density, and improves the efficiency of power generation
over combustion by enabling the high efficiency of fuel cell
conversion to electrical power. Consideration of the practical
efficiency limitations of the various mechanisms of solar energy
conversion to hydrogen is required to prevent investment in
renewable hydrogen from solar energy from meeting the same
fate as algae oil.

It is therefore critical to determine and employ practical
technical feasibility productivity estimates to prioritize the most
cost-effective and land-efficient options for replacement of
significant portions of existing fossil fuel consumption if the
current trajectory of temperature rise to 1.5 °C and beyond is to
be averted. Thus, a compilation of such estimates for renewable
fuels, including algae-based hydrocarbons and hydrogen
compared to solar PV and other selected leading renewable
candidates based on solar energy conversion, is included in this
review.

Global ����������	 potential,19−24 i.e., the highest performance
in terms of energy produced in terawatts per year, as shown in
Figure 6, demonstrates the vastness of raw untapped renewable
resources. The more practical global ����
���	 potential25−30 is
that available for conversion into useful energy. Estimates vary
widely based on the source but, in the aggregate (1.4−2.5
million TWh per year), are at least an order of magnitude greater
than actual 2021 fossil fuel consumption (136 K TWh per year)

Figure 4. 2021 Global CO2 emissions vs energy losses by energy use
component. (Data details can be found in the Supporting Information,
Table S12.)

Figure 5. Estimated 2021 renewable and nuclear fuel energy flows (in terawatt hours), CO2 emissions (listed in circles in billions of tons), and technical
potentials. Details are listed in Tables S13 and S27.
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or 2050 projections (106−147 K TWh per year), shown in
Figure 6, and demonstrate how little of the vast untapped
renewable energy resource potential has, and is expected to be,
exploited based on the current trajectory of technology
development.

The breakdown of all energy sources for the Net Zero
Scenario compared to the 2021 supply (Figure 7) indicates

where the replacement of fossil fuels is envisaged by 2050. The
reductions in fossil fuel use, while drastic, maintain a residual
level of production required to keep production and refining
facilities open at a minimal level of operation to avoid
irreversible closures. The largest increases are for further
deployment of mature solar PV and wind energies, but it also
includes hydrogen, biomass, biofuels, and carbon capture and
removal (CCR), which have not yet been developed as
economically competitive alternative sources of energy on the
scale required by the NZE 2050 scenario.

Plotting a rational course to the 2050 NZE scenario requires a
detailed understanding of the role that each available resource
plays in the transition to the NZE scenario, including not only
those alternatives available today but also those which could be
available in 30 years. This entails a breakdown of the NZE
projections in terms of four key properties of each energy

alternative and its corresponding use sector: (a) the efficiency of
conversion of the primary energy source to useful net available
energy (i.e., “Power to Wheels” or PTW), (b) its CO2 emissions
per unit of energy, (c) its cost per unit energy, and (d) its
requirement for land per unit energy. These four factors were
identified and used to calculate the corresponding outcomes
resulting from the 2050 NZE distribution of energy sources
deployed to reduce CO2 emissions from its 2021 level of 37
billion tons16 to zero in 2050. In addition, future options based
on improvements in solar PV, microalgae-based fuels, and solar-
based hydrogen generation technologies were also evaluated,
and several scenarios were modeled to optimize outcomes from
the technical potentials of the envisaged future alternative
energy technologies.

Methodology. Well-to-tank (% energy efficiency for
conversion of the primary resource to fuel), tank to wheels
(that for conversion of fuel to useful energy available to the
conversion device, e.g., engine, electrical device, or combustion
heater), and the resulting well-to-wheels product were compiled
from the literature.31−37 (Details are summarized in the
Supporting Information, Table S14.) Well-to-tank figures
include a factor for energy payback for the facility producing
the fuel. In the electricity generation sector, electricity is
considered the fuel and the well-to-tank conversion represents
all factors for converting the primary energy supply to electricity,
as determined from 2021 and NZE 2050 supply/demand
ratios.11,14,36 (Details are presented in the Supporting
Information, Table S15.)

CO2 emissions factors compiled from literature LCA
studies18,38−43 (see Supporting Information, Table S16 for
details) and units were converted to billion tons (bt) of CO2 per
TWh of fuel or of electricity for that sector, and the
corresponding CO2 emissions were calculated based on the
TWh of fuel or electricity, respectively, in the 2050 scenario
models.

Costs identified in the literature were converted to 2021 US
dollars per kilowatt-hr (USD/KWh) of fuel or electric-
ity15,18,41,44−56 (details in Supporting Information, Tables S17
and S18), and the corresponding factors were used to determine
overall costs as for CO2 emissions in the 2050 scenario models.
Where possible, global 2021 figures for fossil fuel costs and
levelized cost of electricity (LCOE) were used, unless otherwise
specified (see Supporting Information, Tables S17 and S18 for
details). Current and technical potential figures were tech-

Figure 6. Global theoretical and technical potentials of renewable energy sources. (See Supporting Information, Table S1 for further details.)

Figure 7. 2021 Supply and net zero 2050 scenario breakdown by energy
source. (Details can be found in the Supporting Information, Table S1.)
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noeconomic assessments (TEAs) for future technology develop-
ments.

Land use was calculated from US 2021−2022 production57

and land use58 figures (details in Supporting Information, Table

Figure 8. Key performance factors for current and developing technologies in transportation and combustion/heat sectors. (Details in Supporting
Information, Table S26.)

Figure 9. Key performance factors for current and developing technologies in the electricity generation sector. (Details in Supporting Information,
Table S26.)
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S19)57,58 or from other studies44 for developing technologies
(details in Supporting Information, Table S20) and were
converted to acres per TWh.

For solar PV and the developing algae and photocatalytic
(PC) /biophotocatalytic (BC) technologies, 100% solar
efficiency was calculated based on conversion of all of the
available energy radiation reaching the surface of the earth
averaged over a year59 (239 W m−2, 8,472,674 KWh per acre per
year or 209,398 gallons crude oil equivalent (COE) per acre per
year) into useful fuel. Productivity−cost curves (Figure 13) were
developed from literature studies,33,46,55 and points correspond-
ing to current and technical potential outcomes (the highest
achievable performance for a given technology based on a
current understanding of fundamental mechanism and practical
constraints of conversion systems and land use) were identified.
Productivities in weight of fuel per acre per year were converted
to common units of gallons COE and to land use in acres per
TWh18,28,31,60,61,41,46,55,62,63 (see Supporting Information Ta-
bles S21−S25 for details).

Scenarios for 2050 using the NZE distribution of energy
options by sector (transportation, electricity, and combustion/
heat) were developed and compared to those for 2021 using the
factors. Alternate 2050 scenarios were based on achieving
technical potentials for developing technologies for the NZE
distribution of options, along with versions optimized for algae
and PC/PB alternatives.

Where values vary widely, median costs were chosen from ref
45. Estimates for 2050 factors were based on technical potential
performance and expert opinion. Specific values and references
for current and technical potential data, as summarized in
Figures 8 and 9, can be found in Tables S14−S20 and S26.
Where possible, comparison of calculated values (e.g., CO2
emissions levels) with independent published figures is
presented as a validity test.

■ RESULTS AND DISCUSSION
Energy Alternative Performance Factors. Efficiencies,

costs, CO2 emissions, and land use factors are depicted in
Figures 8 and 9. In the transportation sector (Figure 8), the
efficiency and CO2 emissions advantages of direct charging rely
on use of renewable resources. Current biodiesel (based on
vegetable oil) fits into the current infrastructure of liquid
transportation fuels and provides an emissions advantage over
liquid fossil fuels, but it is much less than that for renewable
direct charging. Current biodiesel also carries the disadvantages
of high cost, excessive land use, and depletion of resources from
the food chain (i.e., it is a primary biomass fuel). Algae has at
least ten times the growth rate per acre than the fastest growing
conventional oil plants (rapeseed, palm), from which conven-
tional diesel is derived. At the biodiesel level and for algae
productivity at its technical potential, this translates into a 7.6-
fold productivity advantage on a Whr per acre basis, as shown in
Table S23, Supporting Information (14,573/1,928),63 with a
similar (6.1-fold) drop in cost.

Hydrogen by renewable-based electrolysis coupled with a fuel
cell (FC) /EV provides more CO2 reduction and much lower
land use alternative to vegetable-oil based biodiesel but is
currently not cost-competitive and suffers from the efficiency
disadvantage of two electricity/hydrogen interconversions, once
to make it and again in the fuel cell to run the EV motor, as has
been expressed in the popular press.31 Hydrogen from methane
steam reforming (MSR) with carbon capture and utilization
(CCUS) improves efficiency by elimination of the hydrolytic

step and is much more cost competitive but is less emissions-
friendly than current biodiesel and relies on fossil fuels. In the
combustion/heat sector, biomass waste is a cost-competitive
means of heat generation but, like its biodiesel cousin, is a first-
generation biofuel with limited additional capacity because of its
link to the food chain and carries a huge land requirement. Algal
biodiesel as a second- and third-generation biofuel mitigates this
problem but is still too expensive. Thus, an acceptable direct
replacement renewable alternative in the transportation and
combustion/heat sectors will require improved biomass-based
fuels and/or development of additional competitive technolo-
gies, e.g., for hydrogen, not yet available.

PC/PB could provide such a source of renewable hydrogen.
While currently unfeasible, at its technical potential, it would
have the lowest carbon footprint and one of the lowest costs at
competitive land use and efficiencies. Cost and land use
reductions for H2 by PC/PB/FC (Tech Pot) result from the
TEA analysis18 based on improved efficiency of solar to
hydrogen conversion from its current value of 0.7% to 10%,
which is well within the 18% technical feasibility limit (Table
S24). The CO2 emissions reduction from current to technical
potential was estimated based on the ratio of land use current/
land use tech pot (Table S16).

Electrification provides a decarbonization alternative at
competitive cost and improved efficiencies through additional
deployment of solar PV, hydroelectric, wind, and nuclear power
generation (Figure 9). Of these, solar PV has the lowest carbon
and land footprint and is currently cost competitive with fossil
fuels-generated electricity, making it the existing renewable
power source of choice at locations with sufficient sunlight
exposure. Current bioenergy and hydrogen alternatives are not
nearly as efficient at decarbonization, and only MSR with CCUS
combined with hydrogen/fuel cell electricity generation is
currently cost competitive; however, it is much less efficient
from both an energy and decarbonizing perspective than the
established renewable electricity sources and relies on a fossil
fuel source of methane.

These performance factors were applied to the 2021 energy
supply figures (as depicted in Figure 10), which indicates the
requirement to reduce CO2 emissions by about 37.8 billion tons
while retaining as much useful energy (PTW) as possible and
minimizing cost and additional need for land. This 2021
scenario was used as the baseline for comparison to the
corresponding 2050 NZE scenario and several alternative

Figure 10. Outcomes of 2021 baseline scenario using energy values.
(See Supporting Information, Tables S1−S4 and S27 for details.)
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variations based on development of new technologies. Using the
actual 2021 energy supply values from ref 11 (a total of 177,058
TWh), 37.8 billion tons of CO2 emissions were independently
calculated using the factors in Figures 8 and 9, which compares
favorably with the 37.1 reported in that same database.16

However, the 2050 NZE report14 uses a 2020 baseline of 33.4
billion tons of CO2, which is reduced to zero by the 2050 NZE
scenario. That same level of reduction using the 2050 NZE14

distribution of energy sources and the performance factors from
Figures 8 and 9 would therefore be expected from the modeling
of 2050 NZE using these four performance factor values.

2050 NZE Scenario. The 2050 scenario using the energy
resource levels in the NZE report14 modeled with the 2021
performance factors is shown in Figure 11 as the differential

from 2021 levels. Efficiency improvements allow for overall
reduction of 26.4 K TWh while increasing PTW energy by 10.3
K TWh and decreasing emissions by 33.9 billion tons
(compared to the expected 33.4 from above) at a cost of 3.1
billion USD and an additional 292 million acres. The strategy for
increased PTW in the 2050 NZE is to increase overall energy in
electrification (by 11.6 k TWh) at the expense of the
combustion/heat sector (by 20 k TWh) and transport (by
17.8 k TWh) sectors. This allows for electrification of
combustion/heat applications and for replacement of the less
efficient fossil fuels in power generation and transport with the
more efficient renewables (mainly solar and wind) and with
direct charging, respectively. The result is a net increase in PTW
net power by 10.3 k TWh, arising from a 26.4 k TWh increase in
electrification and a 15.7 k TWh reduction in combustion/heat,
while maintaining about the same level (reduced by 0.4 k TWh)
in transportation. This compares to a 29.1 k TWh PYW increase
for the 2050 STEPS scenario, which basically represents the
current (2021) energy source mixture.

The breakdown by fuel (Figure 12) also reflects the
replacement of fossil fuels with major deployments of cost-
effective, more efficient, and low carbon footprint solar and wind
electrification. These are offset by the less efficient, more costly,
and less decarbonization-efficient algae-based (i.e., termed
“modern” in the 2050 NZE report14) biomass and biodiesel at
current performance levels. The latter, along with wind, are the
major offenders in the requirement for 293 million acres of
additional land. These renewable fuel replacements account for
only about 24.4 or 72% of the 33.9 billion tons of CO2 removal,
with the balance coming from CCUS.

This analysis demonstrates that, without improvement of
performance of existing renewable energies and/or development
of new renewable options not yet ready for deployment, the
established renewable technologies (mainly solar and wind) and
nuclear will need to carry the bulk of CO2 emissions reductions
through greater efficiencies provided by electrification and the
inherently low carbon footprint and cost competitiveness of
these energy sources. It also relies on major deployment of
modern (i.e., algae) biomass which is not yet cost or land-use
competitive and has a much higher carbon footprint than solar.
In addition, behavioral changes are required, especially
preferences for EV’s over conventional vehicles and for solar
powered electricity sources, as well as major investments in large
renewable energy sources, mainly solar, wind, and biomass
farms.

While nuclear power as an alternative to fossil fuels does
provide low cost, emissions, and land use, it is not sustainable as
a fuel in the long term for several reasons. Like fossil fuels, it
requires mining of a nonrenewable limited toxic resource, which
is more prevalent in fewer countries than where it is needed. This
leads to energy insecurity64 based on diminishing availability,
geopolitical events (such as war, embargoes, or labor disputes),
and detrimental health effects of mining and waste. Thus, while
nuclear power looks attractive from a climate change
perspective, other health, safety, and environmental problems
create risks which may be acceptable in some countries for a time
but will not provide a long-term sustainable energy solution.

Technology development is the key to increased levels of
readiness needed to achieve NZE energy levels, especially for the
solar-based energy sources, including algae biomass, biodiesel,
renewable hydrogen, and solar. Algal biomass and biodiesel use,
while allowing for decarbonization of liquid fuels, do so at a high
cost, carbon footprint, and land use. Hydrogen does not play a
major factor in the 2050 NZE energy use profile but, because of
its zero carbon content and high well to wheel efficiency when
coupled with fuel cells, could play a much bigger role at its
technically feasible performance levels. Thus, biomass and
hydrogen, along with further improvements in solar PV
performance, would likely enhance the likelihood of net zero
carbon by 2050. The resulting effects of such developments
based on assessments of the technical potential performance
factors for algal fuels, solar-based hydrogen, and solar PV
technologies are discussed below.

Technical Potentials for Developing Solar-Based
Renewable Options. Microalgae biomass and its derived oil
and diesel fuels have been the subject of intense investment and
investigations over the past two decades, including the four
performance factors of energy, decarbonization, cost, and land
use effectiveness. While these studies cover a wide range of
conditions (e.g., radiation), production types (e.g., open pond vs
photobioreactors), lipid content, and other key parameters,
some overall conclusions can be made regarding the state of
development and prospects for competitive fuels based on algal
biomass, algae oil, and the derived biodiesel.

The theoretical yield of solar-based energy of 209,398 gal
COE per acre per year productivity is, for microalgae-based
fuels, reduced to 38,000 gal COE per acre per year using the
photosynthetic range (46.8% full solar spectrum efficiency) and
to 20,000 gal COE per acre per year using 50%−75% oil
content.63 Actual spectral data from selected nonequatorial
cities, from open ponds and photobioreactors, and growth rate
limitations to about 50 g per m2 per year further reduces
technical potential productivity to 10,000−15,000 gallons COE

Figure 11. Differential outcomes of 2021−2050 NZE scenarios. (See
Supporting Information, Table S28 for details.)
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per acre per year, corresponding to a lowest selling price of
biodiesel of 2−4 USD per gallon,63 compared to a retail diesel
price of 3.29 USD per gallon43 (see Tables S18 and S21−23,
Supporting Information for additional details and references).
This technoeconomic analysis (TEA)63 indicates that the
biggest factors in biodiesel price are productivity of algal growth
per acre and oil content.

Such technically feasible but high growth rates and oil content
have yet to be achieved in actual large-scale production, which
are more typically less than 50 g per m2 per year and 25%,
respectively, leading to current productivity for biodiesel in the
1,000−2,000 gal COE per acre per year range and prices of 14−
26 USD per gallon COE (Table S21, Supporting Information).
These extensive assessments have provided cost vs productivity
correlations (Figure 13) for algal biomass, algae oil, and
biodiesel.64 These results demonstrate that the potential prices
for algal biodiesel (2.81 USD/gal COE) and algae oil (1.40
USD/gal COE) could be cost competitive with petroleum-
derived diesel fuel (3.29 USD/gal COE) and crude oil (1.39
USD/gal COE) if technical potential productivities of around
13,000 and 17,000 gal COE per acre per year could be realized,
but not so for algal biomass (2.22 USD/gal COE) compared to a
natural gas/coal mixture used for heating applications (1.44
USD per gal COE, Table S18, Supporting Information).

Hydrogen fuel provides the potential for carbonless emissions
and efficiency improvements leading to overall reduction of
energy requirements if it could be made renewably by solar
energy such as photocatalytic (PC) and biophotocatalytic
processes (BC).18 While such technologies are much less
developed and have been less extensively studied than that for
microalgae, there is sufficient data in the literature18 to provide
some estimates of its potential for renewable hydrogen

production. The technical potential solar to hydrogen (STH)
conversion efficiencies of 10% and 12% and respective prices of
1.91 USD and 1.80 USD/gal COE for hydrogen have been
determined for the photocatalytic (PC) and biocatalytic (BC)
cases based on their respective mechanisms of action18

compared to 2.47 USD/gal COE by methane steam reforming
with CCUS. Current solar efficiencies for these technologies of
only 0.7% and 2%, respectively, have been achieved for a small-
scale H2 production with a cost estimate of about 22 USD per
gallon COE (18 USD per kg H2).

18 The large gap between the
current and technical potential efficiencies poses a significant

Figure 12. Differential outcomes of 2021−2050 NZE scenarios by fuel. (See Supporting Information, Table S28 for details.)

Figure 13. Lowest selling price vs productivity of algae products
compared to the corresponding fossil fuel productivities and retail
prices (vertical and horizontal broken lines, respectively). Productiv-
ities are in gallons of crude equivalents for the corresponding fuel, and
prices are in 2021 USD per gallon of crude oil equivalent (COE) of the
corresponding fuel. (Details are shown in Supporting Information
Tables S21−S23.)
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technical challenge in terms of improved efficiency and stability
at decreased band gap and increased light absorption. Spatial
separation of water oxidation and proton reduction reactions
and reduction of oxygen sensitivity of water hydrogenase while
maintaining high hydrogen production through genetic
manipulations are promising approaches but will require
expanded R&D to bring PC/PB technical readiness to
commercial feasibility.18

The corresponding productivities, prices, and CO2 emissions
factors are summarized in Figures 8 and 9 (along with the other
major energy alternatives already discussed). The more mature
solar PV technology at 1.95 USD/gal COE (0.048 USD/Kwh)
is already competitive with the fossil fuel-based generation of
electricity (3.34 USD/gal COE, 0.082 USD/Kwh, Table S18,
Supporting Information), with the potential for even further cost
reductions based on its technical potential of 33% solar
efficiency.65 Biodiesel and biomass are currently at a 2−3 fold
cost and a 3−5 fold emissions disadvantage compared to
electrification and direct charging (Figures 8 and 9). The
corresponding disadvantages for PC- or BC-produced hydrogen

are a 10-fold cost and a 2−3 fold emission disadvantage.
However, at their technical potentials, both could provide an
alternative with performance comparable to that of solar.

Several approaches show promising results toward achieving
technical performance levels. For biomass fuels, increased
growth rates, lipid content, extraction efficiency (for example
through use of alternative solvents), and reduction in costly
liners in open pond reactors (OPRs) have been identified as
important means for cost reduction.41 While OPRs are a low-
cost production means, they suffer from limitations of working
in an open environment, including evaporation, contamination,
weather, inefficient utilization of light, and high land use.
Photobioreactors (PBRs) address these concerns and allow for
tailoring of cultivation to the specific strain, but they still require
more effective means of light, gas (CO2), and nutrient exchange.
Innovations in nutrient supply, stress induction of lipid
bioproduction, and genetic manipulation have also gained
acceptance as credible means to enhance performance.66

For PC, the keys to achieving technical potential are
maintaining stability and redox thermodynamics while increas-

Figure 14. Estimated 2021−2050 NZE PC/PB outcomes for 2050 NZE and modified scenarios using PC/PB H2 technical potentials from Figures 8
and 9. (Details of substitutions are in Supporting Information, Tables S39 and S29−S33.)

Figure 15. Estimated 2021−2050 outcomes for modified 2050 NZE scenarios using algae biofuels technical potentials from Figures 8 and 9 (see
Supporting Information Table S26). Details of substitutions are given in Tables S40 and S34−S38.
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ing conversion efficiency, which is linked to limiting the
adsorption band of the photocatalyst to less than 600 nm,
corresponding to greater than 60% quantum efficiency.18

Unfortunately, 600 nm semiconductors shown to be photo-
catalysts have thus far lacked acceptable stability and cost.18

Spatial separation of proton reduction and water oxidation half
reactions have proved to be effective means for increased
efficiencies for enhanced STH efficiency of PB H2 production by
suppression of backward reactions and eliminating H2/O2
separation resulting in accelerated H2 production critical for
reduced oxygen sensitivity of high-performance hydrogenases
by enzymatic, regulatory, and transport pathway manipula-
tion.18 These coupled with process improvement through more
effective biological models and bioreactor optimization show
promise for performance improvements.18

Alternative 2050 NZE Scenarios. It follows that both alga-
based biofuels and solar-based hydrogen by PC/BC deserve
consideration as potential renewable alternatives in the 2050
NZE Scenario. The application of these two technologies at their
respective technical potentials would allow a number of
substitutions not otherwise possible to optimize efficiencies,
CO2 reduction, cost, and land use. A series of five alternate 2050
scenarios using technical potentials for PC/PB hydrogen and
algae biofuels are presented in Figures 14 and 15 as differentials
compared with the 2050 NZE Scenario.

The two scenarios for direct replacement of technical
potentials at the 2050 NZE distribution of energy sources
(“PC/PB NZE”, Figure 14 and “Algae NZE”, Figure 15) were
optimized by substitution of biofuels with hydrogen (LoBio or
NoBio scenarios in Figure 13), or vice versa for algae biofuels
(LoH or NoH scenarios in Figure 15). The LoBio scenario
replaces algae biomass-generated electricity utility power at
current (2021) performance factors with PC/PB-generated H2
at technical potential, while the NoH scenario further replaces
algae biomass heat with PC/PB H2/fuel cell utility power
electricity and a smaller amount of biodiesel with PC/PB H2 fuel
cell in an EV. Two other scenarios were modeled based on
removal of coal (i.e., “NG only” Case) from the PC/PB NZE
and Algae NZE scenarios (No Coal) and replacement with
either hydrogen (for PC/PB) or biofuels (for algae biofuels).

The PC/PB NZE scenario reduces cost and increases PTW by
replacement of electrolytic hydrogen at current performance
levels with more efficient and less costly PC/PB at technical
potential. One could argue that this cost reduction would also
occur from improvements in the electrolysis technology, but it
would always suffer from the energy efficiency penalty due to the
required double electricity−hydrogen interconversion. Im-
provements in both cost and energy efficiency, as well as those
in carbon removal and real estate utilization result from
replacement of algae biomass with PC/PB H2 in the electrical
utility sector (LoBio) because of its inherent cost, carbon-
removal, energy, and land efficiency over algal biomass-
generated electrical power (Figure 9). Further replacement
mainly of algae biomass for heat with PC/PB H2 FC electricity
further improves all but net PTW due to the lower efficiency of
the later vs the former (Figure 8). Removal of coal reduces CO2
emissions and increases cost as expected, but it also reduces
PTW due to the replacement of coal in the heat sector with
lower energy efficient electricity by PC/PB H2 fuel cell
electricity.

Because algae-based fuels play a bigger role than hydrogen in
the 2050 NZE scenario, the PC/PB NZE scenario (Figure 15)
benefits from replacement of current with technical potential of

that technology but provides many fewer improvements with
hydrogen placement in the LoH and NoH scenarios. Costs are
reduced the most because of the large differential between
existing high-cost electrolytic hydrogen and algal biofuels, but
PTW, CO2 removal, and land use remain essentially the same.
As expected, the removal of coal increases cost and CO2
removal.

Comparison of the lowest cost cases reflects the cost, CO2
removal, and land use advantages of PC/PB H2 over algae
biofuels at their technical potentials and the slight advantage of
biofuel efficiency when trading heat from the small amount of
hydrogen energy in the 2050 NZE with that from biomass
(Figure 8). While the “NoH” case is the clear optimal coal-
containing scenario for algae fuels, the greater energy efficiency
of deployment of PC/PB hydrogen in the electrical vs the
combustion heat sector suggests a compromise optimum
between the Lo- and NoBio cases that would provide a PTW
advantage over the NoH algae case at comparable cost, land use,
and carbon removal. As for the 2050 NZE scenario, PTW
increases result from increases in that for electrification at the
expense of combustion/heat, with transportation at about the
same levels as 2021 (Figure 16). No coal cases provide the
means to reduce the CO2 removal burden on CCUS by about 4
billion tons but do so at a cost of 80−90 USD/ton, compared to
about 73 USD/ton for CCUS.

Solar and wind as the most reliable and well-developed
renewable technologies provide high energy efficiencies because
of their direct conversion of the earth’s natural solar radiation
and air/water movement to electrical energy, without need for
any chemical/electrical energy interconversions required of PC/
PB hydrogen and algal fuels. Current restrictions on infra-
structure, construction, primary resource location, transport and
distribution, capital expense, and population density (among
others) create the need for energy source options with greater
geographic flexibility and overall probability of adoption. PC/PB
hydrogen- or microalgae-based fuels could provide such options
if technical potential for improved performance could be
achieved. Alternate scenarios other than those specifically
presented in this work would provide additional insights and
could be modeled using the methodology from this work (as
presented in the Supporting Information).

Potential Performance of Solar and Wind. Improve-
ments in solar and wind performance by enhanced power
conversion efficiency and reduction of manufacturing costs

Figure 16. 2021−2050 Change in power to wheels net energy for NZE
and lowest cost PC/PB and algae bio scenarios. (See Supporting
Information, Tables S28, S31 and S36 for details and references.)
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would also close the gap to net zero emissions. For example, the
use of metal halide perovskites has been identified as a promising
alternative to current crystalline silicon; they have been shown to
enable highly efficient tandem junction modules which
minimize thermalization losses and provide the potential for
low-cost, high-throughput manufacturing,38 resulting in reduc-
tion of CO2 emissions from 48 to 11 g CO2/KWh, reduced cost
and land use, enhanced efficiency closer to the corresponding
technical potential figures, and “well-to-tank” efficiency increase
of 33% in 2021 to 88% in 2050.

Expert cost projections44 of around 40% reduction in LCOE
of wind energy result mainly from reduced capital expense/steel
costs and increased capacity/efficiency enabled by higher tower
and longer blade construction. Onshore will remain the lowest-
cost alternative vs offshore, but greater percent capacity increase
and introduction of floating technology for the latter will allow
capture of higher wind speeds further from shore in deeper
water, with the corresponding decrease in average land
requirements. This is offset by the greater cost of the storage
and transport of electricity where it is needed. Technology
advancements to stabilize power densities coupled with
synergistic deployment in concert with social and ecological
requirements and use of spaces between project sites will allow
minimization of land footprint associated with roads, infra-
structure, and the turbines themselves.67 As a result, an
estimated 3,200 km2 (790,000 acres) of infrastructure is
projected68 to be required to deliver about 1,500 TWh of
energy in 2050, or about 525 acres per TWh, down from about
6,000 acres per TWh in 2021 (Figure 9), and “well-to-tank”
efficiency is increased from 27% in 2021 to 70% in 2050.

These enhanced performance factors for solar PV and wind
when applied to the NZE scenario provide the outcomes
summarized in Figure 17, representing an additional 1 billion

tons of CO2 reduction, a 1.3 trillion USD lower cost, and 130
million fewer acres of land compared to the baseline 2050 NZE
scenario (Figure 11). (Expected 2050 efficiencies were already
incorporated into the 2050 NZE scenario.) Outcomes for the
corresponding PV and wind TP-revised PC/PB and algae NZE
scenarios are summarized in Figures 18 and 19, where 37.8
billion tons of CO2 reduction represents net zero CO2
emissions. In these scenarios only PC/PB hydrogen “no Bio”
scenario achieves zero CO2 without coal reduction from the
2050 NZE case (22,482 TWh) and actually reduces cost by
about 1 trillion USD vs 2050 NZE. The optimal algae (“NoH”)

case comes within 1.7 billion tons of zero CO2 emissions for the
same cost and useful energy but requires over twice the acreage.
“No coal” cases reduce CO2 emissions beyond the NZE case,
thus reducing dependence on carbon capture, but at the expense
of cost, land use, and useful energy.

Other Technologies. Many other technologies, more
numerous than can be reviewed here, could provide a significant
contribution to the future energy supply but must ultimately
meet the test of reduced greenhouse gas (GHG) emissions, at
competitive cost, reasonable land use, and efficient energy
utilization. Included among these are waste-to-energy tech-
nologies, which represent over 18 K TWh (2021), with the
potential for much higher levels,10 that could provide a
significant source of bioenergy and liquid biofuels with further
development of catalytic conversion processes. Of those, forest
and agricultural wastes represent over 8.5 K TWh of energy for
which there are promising technologies, such as catalytic lignin
degradation and biomass conversion to fermentable sugars.
These technologies could also provide the basis for sustainable
production of key intermediate chemicals such as lactic, citric,
and fatty acids and key hydrocarbon feedstocks.69

In addition, further advancement of hydrogen from
electrolysis could also provide a practical source of green
hydrogen needed as a sustainable replacement for methane
steam reforming for critical stages of chemicals and finishing
processes. Carbon capture/removal, storage, and utilization will
also be needed in virtually all the pathways contemplated for
zero-carbon emissions over the next 30 years, details of which
have been recently reviewed.70,71 Advancements in CO2
removal are just as important as finding ways of producing less
emissions, and there is no credible pathway to zero carbon
without both.

■ SUMMARY AND CONCLUSIONS
A rational path to zero carbon emission by 2050, needed to avoid
the catastrophic global events catalyzed by a world at 1.5 °C
above preindustrial levels, requires assessment of not only
current renewable energy sources at their present state of
technical readiness but also improvements possible, represented
by their technical potentials, but also those which are less
developed but technically capable of providing efficient
decarbonization at competitive cost and achievable land use
while providing for increasing energy needs of a growing
population. Current energy flows, efficiencies, and carbon
removal by application sector and fuel type provide a baseline
from which future paths could be modeled using key
performance factors of energy efficiency, carbon removal, cost,
and land use.

These assessments indicate the potential for efficiency
improvements, since almost half of the energy for primary
sources is currently lost before it is converted to useful work.
Electrical motors, which are nearly 100% efficient and run EVs
and industrial equipment and account for nearly half of electrical
use, provide a major incentive for electrification as a means for
efficiency improvement though direct charging, but domination
of fossil fuels in power generation created a third of the 37 billion
tons of CO2 generated in 2021. The International Energy
Agency’s Net Zero Energy Report provides a scenario for
decarbonization by 2050 involving growth in renewables and
nuclear from 40 K TWh or about 23% in 2021 to over 134 K
TWh or about 90% in 2050, with a concomitant reduction in
fossil fuels, while reducing overall energy demand to 151 K TWh
from the actual 2021 figure of 177 K TWh. Other scenarios

Figure 17. Differential outcomes of 2021−2050 NZE PV wind
technical potential scenarios. (Details in Supporting Information Table
S39.)
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predict a much lower growth in renewables and a rise in the
range of 190−210 K TWh in that same period. Understanding
the implications for such decarbonization in a world requiring
greater total useful energy for a growing population requires an
analysis of energy fuel sources and application sectors.

A methodology for modeling performance of current and
future energy options was developed based on performance
factors of efficiency, cost, decarbonization, and land use.
Modeling of 2021 energy levels using current performance
factors for fossil and renewables developed from the literature
provides carbon emissions of 37.8 billion tons CO2, compared to
actual reported levels of 37.1 billion tons. Using this as a baseline
for modeling, the NZE scenario reduces CO2 emission by 34
billion tons (including 9.5 from CCUS) while increasing useful
energy (power to wheels) by 10 K TWh at a cost of 3.1 trillion
USD and 292 million acres compared to 2021.

Solar, wind, and hydroelectric make up nearly two-thirds of
the nonfossil fuel energy in the 2050 NZE, with about one-
quarter from algae-based (“modern”) biofuels and much less

(only about 6%) from hydrogen. Solar and wind account for the
largest 2021−2050 increase (41,000 TWh, a 5-fold increase),
while hydroelectric actually decreases by 3,000 TWh (25%
decrease). Hydrogen production is limited by the current need
for electrolysis from renewable power as a source of green
hydrogen, which, when coupled with fuel cell power as the most
efficient means of converting hydrogen to electricity, reduces its
advantage by the need to perform two chemical/electrical
energy interconversions. Solar-based hydrogen from photo-
catalysis or biophotocatalysis eliminates this restriction and has
the capability to compete with the more mature renewable
energy and play a bigger role as an ultralow carbon footprint
source if its technical potential performance can be achieved.
Third-generation algae-based fuels for transportation (biodie-
sel), electrification (bioenergy), and combustion/heat (bio-
mass) are more developed than solar hydrogen but are not yet
cost competitive with fossil fuels or their conventional
(vegetable oil-based) first-generation cousins; they require
large investment but could become more competitive at their

Figure 18. Estimated outcomes for modified 2050 NZE PV Wind technical potential scenarios using PC/PB H2 technical potentials from Figures 8
and 9 and details in Supporting Information Table S26. Details of substitutions are in Supporting Information Tables S39 and S29−S33.

Figure 19. Estimated 2021−2050 outcomes for modified 2050 NZE PV wind technical potential scenarios using algae biofuels technical potentials.
Details in Supporting Information Figures 8 and 9 and Table S26. Details of substitutions are given in Supporting Information Tables S40 and S34−
S38.
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technical potential performance and with disruptions in first-
generation oils due to climate change and increasing scrutiny of
use of food-based crops for fuel.

Optimized 2050 performance for solar hydrogen by PC/BC
technology and algae-based fuels modeled by the four-factor
performance methodology using their respective technical
potentials demonstrates improved PTW by 1−4 TWh and
reduced CO2 removal by 1−3 billion tons, cost by 1−3 trillion
USD, and land use by 40−130 million acres compared to
baseline 2050 NZE figures (Figure 18). The respective figures
for algae-based fuels are about 1.2 billion TWh, 120 million tons,
2−2.5 trillion USD, and 88 million acres (Figure 19). These
figures are further improved by 1 billion tons of CO2 reduction,
1.3 trillion USD lower cost, and 130 fewer acres of land use when
expert opinion for 2050 performance enhancements are applied.
PC/PB hydrogen is best utilized in the electrification space,
while that for algal fuels is in combustion/heat, creating the
opportunity for improved electrification in EV direct charging
and utility power and for commercial and industrial heating by
simultaneous achievement of technical potential for both
technologies and greater flexibility where solar and wind are
not practical.

Without further development of competitive PC/PC hydro-
gen or algal biomass, utilization of expert-surveyed 2050
performance levels of solar and wind at NZE levels would
require 12.4 billion tons of CCR and 163 million acres of
additional land at a cost of 1.8 trillion USD to deliver about an
additional 10,000 TWh of useful PTW energy compared to 2021
levels. Optimal deployment of algae biofuels or PC/PB
hydrogen at their technical potentials removes cost as a major
consideration and improves the other figures but still requires
9.5 billion tons of CCR for NZE (currently at only 0.1% of global
CO2 emissions removal72), along with about 75 million
additional acres of land to generate 11−12 k TWh of additional
useful (PTW) energy compared to 2021 levels. This PTW level
would fall short of the 29.1 k TWh of additional PTW to meet
the needs of a growing population required by the current
trajectory of fossil fuels and renewables represented by the 2050
STEPS scenario.

Final Remarks. The major determinant in bridging the gap
between our current energy-generated 37.8 billion ton CO2
emissions world and one that provides greater than a 50%
chance of remaining below 1.5 °C above preindustrial levels
based on the 2050 NZE scenario is enabling the required 5-fold
increase in wind and solar energy (24.4 billion tons reduction).
Technology enhancement of algae biofuels and photochemical/
photo biochemical hydrogen production only account for 2.9
billion tons at their technical potentials and even less (about 1
billion tons) for the corresponding enhancements in solar and
wind, and still relies heavily on undeveloped carbon capture and
storage for 9.5 billion tons of CO2 removal. Even with such
unprecedented technical success, there is a growing controversy
around the ability of NZE alone to maintain global temperatures
at the 1.5 or even the 2.0 °C level due to the Earth Energy
Imbalance (EEI), which limits the amount of the sun’s energy
returning to space that has already been absorbed by ocean, land,
and atmosphere (a.k.a., “warming in the pipeline”).18

Proponents of highly controversial climate intervention
techniques such as marine cloud brightening and cirrus cloud
thinning (by atmospheric ice nuclei or aerosol release,
respectively) and mirrors for earth energy rebalancing (using
recycle-based surface solar reflectors) argue that dissipating this

accumulated heat and increasing the capacity to return heat to
space are necessary to stabilize the climate.72

Thus, NZE is a necessary, but perhaps not sufficient, means to
a sustainable global climate that will rely heavily on at least a 5-
fold increase in solar and wind and about a 300-hundred fold
enhancement in CCR deployment over 2021 levels. Achieve-
ment of technical potential performance of solar, wind, algae,
and developing photochemical and photobiochemical methods
would reduce the dependence on this as yet undeveloped
technology, but at best, even with elimination of coal, this would
still require a 150-fold increase above 2021 levels, corresponding
to about 6 billion tons of CO2 removal. The clear conclusion is
that enhancement of CCR technology, along with extensive
deployment of solar, wind, algae, and developing hydrogen
production technologies, will be keys for achieving NZE. Even
so, as this may not be enough to stabilize the planet, further
investigation to determine the legitimate need for climate
intervention and to accurately determine its risks is urgently
needed.

In conclusion, future pathways with the greatest potential for
optimized performance and NZE should involve the following:

(a) elimination of fossil fuel use in the combustion/heat
sector, and in all transportation applications except those
that are not practical for electrification of hydrogen fuel
cell operation, such as long-range aircraft and marine
transport;

(b) expanded deployment of solar and wind to supply direct
electrification applications where they are practical,
especially in coastal regions, including required improve-
ments in performance of battery technology;

(c) improved electrolytic hydrogen and achievement of
technical potentials for solar hydrogen PC/BC technol-
ogies to enable optimized hydrogen deployment in fuel
cell electrification where direct electrification is not
practical such as where a transportable fuel is required;

(d) continued development of CCR/CCUS to allow
commercial deployment to fill the gap between an
optimized distribution of renewable energies and NZE;

(e) more definitive determination of the need for and risks
associated with direct climate intervention methods and a
plan for their optimal deployment.
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