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Abstract

This paper introduces the Kardashev-Vestorp Energy Efficiency Parameter (KEEP), a framework for
assessing the infrastructure requirements of civilizational energy systems. Building on Nikolai
Kardashev's 1964 classification scheme and Carl Sagan's quantitative extensions, KEEP addresses a
gap in existing frameworks by distinguishing between useful energy output (P) and the installed
primary capture capacity required to generate it.

The core relationship is formalized as: KEEP = P / (ECE x CF x GE), where ECE is Energy Conversion
Efficiency, CF is Capacity Factor, and GE is Grid Efficiency. KEEP represents the installed nameplate
capacity for primary energy capture, a capacity-planning metric that quantifies the infrastructure
burden required to sustain a given level of useful output.

Applying baseline values representative of current technology (ECE = 0.28, CF = 0.5, GE = 0.95), this
analysis demonstrates that achieving Type | civilization status (10'® W of useful output) requires
approximately 7.52 = 10'°W of installed primary capture capacity, a 7.5x multiplier over the useful
output. Scenario analysis shows this multiplier ranges from 2.6x (hydroelectric-dominated) to 19x
(solar PV-dominated), highlighting the critical importance of technology selection.

The framework extends to multi-source energy mixes and storage-integrated systems (IKEEP),
providing practical tools for energy infrastructure planning. By quantifying the gap between
civilizational energy aspirations and infrastructure reality, KEEP transforms the Kardashev Scale from
theoretical classification into actionable systems engineering.

The Kardashev Scale and Its Limitations

The original Kardashev Scale, proposed by Russian astrophysicist Nikolai Kardashev, classifies
civilizations based on their capacity to harness energy. The scale comprises three main types:

Type I: A planetary civilization capable of utilizing all available energy resources on its home planet,
estimated at approximately 10® watts (W) for Earth.

Type llI: A stellar civilization that can harness the energy output of its entire star, estimated at about
4 % 10%° W for our Sun.

Type llI: A galactic civilization that can control energy on the scale of its entire galaxy, approximately
4 % 1037 W for the Milky Way.

While the Kardashev Scale provides a valuable framework for categorizing civilizations, it primarily
emphasizes raw energy output, neglecting the efficiency and sustainability of energy usage. This
limitation underscores the necessity for the Kardashev-Vestorp Energy Efficiency Parameter (KEEP).

Currently, global primary energy consumption is approximately 648 EJ (20.5 TW) (IEA, 2024). For
historical context on varying estimates for Type | civilization energy consumption, see Appendix A.



Carl Sagan’s Contribution

Carl Sagan, a celebrated astronomer and profound thinker, expanded upon the foundational ideas
established by Nikolai Kardashev. In 1973, in his book The Cosmic Connection, Sagan recognized that
the Kardashev Scale could benefit from a more quantitative approach, allowing a clearer
understanding of where civilizations might fit within this framework based on their energy
consumption rates.

Sagan introduced the notion of expressing the Kardashev Scale as a continuous function to quantify
a civilization's level based on its energy consumption. This abstraction was monumental because it
allowed for a broader range of civilizations to be categorized beyond the discrete types that
Kardashev initially defined. The updated formula he proposed can be expressed as follows:

Eq. 1: Carl Sagan’s Formula

Lo P)—6
K = g10(P)
10

Where:
e Krepresents the Kardashev index (a continuous measure of civilization level).
e Psignifies the civilization's energy consumption rate measured in watts.

For full consistency with the KEEP framework defined later in this paper, Sagan’s definition of P
directly aligns with KEEP’s "Useful Energy Output (P)". Kardashev’s original concept of the energy
harnessed or consumed by a civilization also refers to this same end-user useful energy quantity,
rather than the raw primary energy input that KEEP is designed to quantify.

The logarithmic nature of this function accommodates the vast differences in energy consumption
across civilizations in a more manageable format. Sagan created a scale that can transition smoothly
between the types defined by Kardashev, incorporating intermediate values that were previously
overlooked.

Related Work and Contribution
e Energy System Capacity Planning

The mathematical relationship underlying KEEP, that installed capacity must exceed average demand
due to efficiency losses, intermittency, and transmission constraints is well established in energy
systems engineering. Planners routinely calculate required capacity using formulas of the form:

Demand

Required Capacity = Efficiency * Capacity Factor * Grid Efficiency
This calculation forms the basis of integrated resource planning, grid expansion studies, and
technology assessments conducted by organizations such as the International Energy Agency (IEA)
and the U.S. Energy Information Administration (EIA). This approach parallels the rigorous bottom-
up accounting methods popularized by MacKay (2008) and Smil (2017), extending their terrestrial
constraints to civilizational scales.

e Energy Return on Investment (EROI)

A related concept is Energy Return on Investment (EROI), which measures the ratio of energy
delivered by a system to the energy required to build and operate it (Hall et al., 2009; Murphy &



Hall, 2011). While EROI focuses on the energy cost of energy production, KEEP focuses on the
instantaneous capacity burden. These metrics are complementary: EROI addresses lifecycle energy
balance, while KEEP addresses infrastructure scale.

Contribution of This Paper
The novelty of KEEP lies not in the underlying mathematics, which are standard, but in:

1. Systematic application to civilizational classification: KEEP provides a formal bridge
between the Kardashev Scale's theoretical framework and practical infrastructure
requirements.

2. Explicit distinction between useful output and infrastructure burden: While the Kardashev
Scale measures what a civilization consumes, KEEP measures what it must build.

3. Unified framework for multi-source and storage-inclusive systems: The extensions to
energy mixes (Appendix B) and storage (IKEEP, Appendix C) provide comprehensive planning
tools.

4. Quantification of the "efficiency gap": By calculating KEEP/P ratios, the framework reveals
the true infrastructure multiplier required to achieve civilizational milestones.

KEEP transforms the Kardashev Scale from a classification scheme into an actionable engineering
metric.

Kardashev-Vestorp Energy Efficiency Parameter (KEEP)

To understand the true scale of infrastructure required to achieve a target P, we must look
backwards through the energy chain:

End-use demand -> grid delivery - electrical generation - primary energy capture.
KEEP is defined as an installed-capacity planning metric.

KEEP represents the installed primary capture nameplate capacity required to deliver a sustained
average useful output P, given assumed system performance parameters (ECE, CF, GE).

What KEEP Actually Calculates

KEEP calculates the installed primary energy capture capacity needed to support a civilization’s
useful energy demand.

KEEP refers to the installed primary capture nameplate capacity that must be built and maintained
to supply an average useful demand P, given assumed system performance parameters (ECE, CF,
GE). Because the formula divides the average output P by the Capacity Factor (CF), the result
mathematically represents the maximum rated capacity (Nameplate) required to sustain that
average, not the average throughput itself. KEEP is a capacity-planning metric, not a direct measure
of time-averaged primary energy consumption.

Eqg. 2: The Core KEEP Definition

KEEP = —M—
ECE * CF * GE

Where:

e P =Useful energy output delivered to the end-user (W),



e ECE = Energy Conversion Efficiency (Primary — Electrical).
e CF = Capacity Factor (Utilization rate of the infrastructure).
e GE = Grid Efficiency (Transmission/Distribution).

Average Primary Energy Throughput

If you want to measure the average primary energy throughput (e.g., average fuel heat rate input,
average intercepted solar flux), this formula can be used.

Eq. 3: Average Primary Throughput
P
P primary,avg — m
Defining the Primary Energy Boundary

For KEEP to be comparable across technologies, the "primary input" must be defined at a consistent
system boundary. This paper adopts the converter inlet boundary: primary power is measured at the
point where the energy source first interacts with the conversion equipment.

Technology Primary Input Definition Measurement Point

Solar PV Incident irradiance at collector aperture POA irradiance x area at STC
Wind Kinetic power flux through rotor area BpAV3

Nuclear Thermal power at reactor core Reactor MWth

Fossil Fuel Chemical energy at boiler inlet Fuel flow x HHV
Hydroelectric  |Hydraulic head power at turbine inlet pgQH

Table 1: Primary Energy Boundary Definitions by Technology

Note on Statistical Conventions:

While statistical bodies like the IEA often define the primary energy of non-thermal renewables
(hydro, wind, PV) as the electricity generated (effectively assuming 100% efficiency for statistical
accounting), KEEP adopts the stricter physical boundary of incident flux. This distinction is necessary
to accurately quantify the physical infrastructure burden (e.g., collector area) required to achieve
civilizational milestones, capturing the thermodynamic losses that statistical conventions omit.

Note on Renewable Resources: For solar and wind, the "primary input" represents the
instantaneous energy flux available to the converter at rated conditions. This differs from fuel-based
systems where primary input represents stored chemical or nuclear energy. The distinction does not
affect KEEP calculations but should be acknowledged when interpreting results.



Distinguishing Primary Power from Electrical Capacity

It is crucial to distinguish KEEP (Installed Primary Energy Capture Capacity) from Installed Nameplate
Electrical Capacity (INEC). The INEC represents the necessary "Nameplate" rating of electrical
generators (turbines, PV panels), which is dimensionally distinct from the raw fuel or solar flux input.

Eq. 4: INEC Definition

INEC =

CF x GE

e KEEP captures the upstream installed capacity burden (primary capture/extraction

nameplate capability)

e INEC indicates the size of the electrical infrastructure—the installed electrical power

capacity.

Key Parameters and Definitions

Parameter Description
Efficiency of
Energy .

. converting
Conversion fimary ener
Efficiency iF:'lto uszble ¥
(ECE)

electrical energy

Actual energy
Capacity output divided by
Factor (CF) maximum possible
over a period

Ratio of useful

Grid energy delivered

Efficiency to end-users

(GE) versus energy
generated

Table 2: Key Parameters and definitions

Technology Classification Notes:

Typical
Range

0.20-0.90

0.15-0.25
(solar),
>0.90
(nuclear)

0.85-0.99

Units

Dimensionless

Dimensionless

Dimensionless

Notes

Higher ECE reduces
total primary capacity
needed; varies by
technology (thermal,
non-thermal, etc.)

Reflects resource
availability and
operational factors

Includes transmission
and distribution losses

e Thermal conversion (coal, gas, nuclear, geothermal): Subject to Carnot efficiency limits;

maximum theoretical efficiency depends on temperature differentials.



¢ Non-thermal conversion (hydro, wind, solar PV): Not Carnot-limited; efficiency determined
by technology-specific factors (Betz limit for wind, Shockley-Queisser for PV,
turbine/generator efficiency for hydro). Note on Wind ECE: Modern wind turbines typically
achieve an ECE of 0.35-0.45 relative to the total kinetic flux. Since the Betz Limit is 0.593, a
practical ECE of 0.45 represents approximately 76% of the theoretical maximum extraction
efficiency (0.45/0.593 = 0.76).

Note:

It is critical to distinguish between power and energy when using this framework. All core variables
(P, KEEP, INEC) are expressed in watts (W), a unit of power that measures the rate of energy transfer
or consumption. All values specifically refer to time-averaged power, almost always calculated over a
one-year period for energy system planning.

The Capacity Factor (CF) plays a central role in this relationship: it is calculated by dividing total
annual energy output (W-h) by the maximum possible energy output if the system operated at full
power for the entire year. In doing so, CF converts total energy values into a normalized factor that
allows us to work directly with average power values in the KEEP and INEC formulas, ensuring
consistent units and valid results.

Additional Metrics explanations
Energy Conversion Efficiency (ECE)

The law of thermodynamics dictates that energy cannot be created nor destroyed, only converted
from one form to another. When energy is converted, a portion of it is inevitably lost typically in the
form of heat. This energy loss is associated with the concept of entropy, which reflects the tendency
of energy to disperse and become less usable. The efficiency of a process is defined as the ratio of
useful output energy to input energy, expressed as a dimensionless value between 0 and 1. While
efficiency itself is dimensionless, related metrics like heat rate are often measured in units such as
BTU/kWh or MJ/kWh.

Useful Output Energy (Epyt)
Input Energy (E;y,)

Efficiency (n) =

ECE is expressed as a dimensionless value between 0 and 1. The inverse metric, heat rate (measured
in BTU/kWh or MJ/kWh), is sometimes preferred in thermal generation contexts.

ECE varies significantly by technology:
e Thermal plants (coal, gas, nuclear): Constrained by Carnot limits; typical values 0.33-0.60
e Hydroelectric: Converts gravitational potential energy directly; achieves 0.85-0.95
e Solar PV: Limited by Shockley-Queisser; commercial modules achieve 0.18-0.23
e Wind: Limited by Betz limit (theoretical max 0.59); practical turbines achieve 0.35-0.45

For PV and wind, ECE depends on the adopted definition of ‘primary input’ (e.g., intercepted solar
irradiance at STC for PV, or free-stream kinetic energy flux through rotor swept area for wind). The
ECE values used here are illustrative and must be computed consistently with the chosen primary

boundary.



For energy storage, Round-Trip Efficiency (RTE) measures energy recovered after a full charge-
discharge cycle:

Energy Discharged
RTE = gy g

Energy Charged

Storing electricity is a process of conversion (e.g., electrical to chemical) and then re-conversion
(chemical back to electrical). Both steps have losses.

Capacity Factor (CF)

Capacity Factor measures the utilization rate of energy infrastructure—distinct from conversion
efficiency:

Annual generation W * h

hours
days

Capacity factor =

(Nameplate capacity W) * 24 * 365 days

Because ECE cancels identically in numerator and denominator,CFy imary =CFeiectricar Py definition
under constant efficiency

CF is heavily influenced by resource availability (renewables), economic dispatch (fossil fuels), and
maintenance schedules (all sources). Representative values:

e Solar PV: 0.15-0.25 (day/night, weather)
e Onshore Wind: 0.25-0.40 (wind variability)
e Nuclear: 0.85-0.93 (baseload operation)
e Hydroelectric: 0.30-0.50 (water availability, dispatch strategy)
Grid efficiency (GE)
Grid Efficiency represents the ratio of energy delivered to end-users versus energy generated:

Useful energy output (Egyt)

Grid ef ficiency =
fr Y Energy input (E;y,)
Losses occur through resistive heating in transmission lines, transformer inefficiencies, and
distribution system losses. Modern grids typically achieve GE = 0.92—0.96. Grid efficiency can be
decomposed into transmission and distribution components, though the aggregate value is typically
sufficient for KEEP calculations.

Factors affecting GE include grid topology, transmission distances, voltage levels, and equipment
quality. Wireless power transmission (microwave or laser) would significantly reduce GE compared
to conventional wired grids.

Calculating with KEEP and INEC

KEEP aims to quantify the installed primary energy capture capacity needed for humanity to develop
its energy infrastructure to reach Type |, I, or lll civilization levels, as defined by Kardashev’s
classification. This scale measures the total installed primary energy capture capacity required for
Earth-based (Type 1), stellar (Type II), or galactic (Type lll) energy harnessing and utilization.
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To determine Kardashev-Vestorp Energy Efficiency Parameter (KEEP), use the formula:

KEEP = GeE~ CF+GE

Example Calculation Steps
To determine KEEP necessary to achieve a target P of 101©
values:

watts (Type 1), given the following

P=10"wW
ECE =0.28
CF =0.5

GE =0.95

Using the KEEP formula

101w
0.28 * 0.5 * 0.95

KEEP = 7.519 = 10 W

KEEP =

Let also calculate INEC

10w
0.5%0.95
INEC = 2.105 = 101w

INEC =

Meaning:

To sustain an average useful demand of 101® W, the civilization requires approximately 7.52 x
10%® W of installed primary capture nameplate capacity, given the assumed ECE, CF, and GE.

This corresponds to approximately 2.11 X 101® W of installed nameplate electrical capacity (INEC).
Note:

This is a general formula applicable to all energy sources. However, the Performance Ratio (PR) is
also particularly relevant for evaluating renewable energy sources like Solar plants (PV).

Eq. 5: KEEP with Performance Ratio

P
KEEP =
ECE * CF * PR x GE

Parameter |Description Typical Range |Units Notes

A measure of the overall Often applied as a
Performance system Elffluency for ctertaln 0.70-0.85 IrEnCuEItlpI(;czE\;e factor wrih
Ratio (PR) renewable energy sys e'ms (Solar PV) Dimensionless an O represen

(e.g., Solar PV), accounting for the real-world output of a




Parameter |Description Typical Range |Units Notes

losses beyond the panel's ECE. system. A well-designed
This includes inverter and maintained system
efficiency, temperature losses, aims for a higher PR.

cabling losses, and so forth.

Table 3: Performance Ratio

ECE refers to the conversion efficiency at the component level (e.g., PV module), while PR accounts
for balance-of-system losses not included in ECE. If CF is measured from actual AC energy divided by
AC nameplate, then CF already includes many losses; PR should not be multiplied unless CF is
defined in a way that excludes those losses.

Additionally, the GE will be less efficient if wireless power transmission (WPT) types like Laser Power
Transmission (LPT) or Microwave Power Transmission (MPT) are used compared to a wired grid.

Look into Appendix B for a full example with an energy mix.

Look into Appendix C for an example incorporating Energy Storage Metrics into Kardashev-Vestorp
Energy Efficiency Parameter (KEEP)

Comparison with the Kardashev Scale

KEEP provides a different perspective than the original Kardashev Scale by focusing on the installed
primary capture capacity (nameplate) required to attain a given civilization level. Unlike the
Kardashev Scale, which measures energy consumption (or civilization-use) , KEEP reflects the
installed primary energy capture capacity needed, accounting for energy conversions and
inefficiencies, to achieve Type | civilization status.

Civilization Type Kardashev Scale Energy Kardashev-Vestorp Energy
consumption Efficiency Parameter
Type 1 10t w 7.519 « 1016 W

Table 4: Comparing Kardashev scale with KEEP
Scenario analysis

The KEEP value for achieving Type | civilization (P = 10'® W) depends strongly on the assumed
technology parameters. Table 5 demonstrates this across different energy scenarios.

Scenario ECE [cF  |GE  |KEEP (W) Multiplier (KEEP/P)
All Solar PV 0.22 |0.25 [0.95 [1.91 10" 19.1x

All Onshore Wind 0.45 |0.35 [0.95 [6.68 10 6.7x

All Nuclear 0.33 |0.90 [0.95 [3.54=x10'° 3.5x

All Hydroelectric 0.90 |0.45 [0.95 [2.59 =« 10'° 2.6x

All Natural Gas CCGT 0.55 |0.60 [0.95 [3.19=x 10'® 3.2x

Baseline Mix (this paper) 0.28 |0.50 [0.95 |[7.52x10'® 7.5x%




Table 5: KEEP Technology Scenarios for Type | Civilization (P = 10" W)

Values are illustrative and should be replaced with region- and technology-specific assumptions; see
NREL ATB/IEA datasets.

Key observations:

1. Technology choice matters enormously: The required primary capture capacity varies by a
factor of 7.3x between the best-case (hydroelectric) and worst-case (solar PV) scenarios.

2. Capacity factor is often the dominant factor: Low-CF technologies like solar PV require
disproportionately large installed capacity.

3. High-efficiency, high-CF combinations minimize infrastructure: Nuclear and hydroelectric
offer the lowest KEEP values due to their combination of reasonable ECE and high CF.

4. The baseline estimate of 7.5x is representative of a diversified mix: This value reflects
current global energy infrastructure characteristics and serves as a reasonable planning
benchmark.

These results underscore the importance of technology selection in minimizing the infrastructure
burden of civilizational advancement.

Resilience and Technology Lifespan (R&TL)

The resilience of energy systems and the durability of the technologies implemented are crucial for
ensuring long-term viability. Additionally, the degradation rates of these selected technologies play a
significant role. It is essential to assess the durability and degradation rates associated with the
various technologies considered in the energy generation systems and grid efficiency (GE). A
forward-thinking approach is necessary for populations to ensure a consistent P score so that their
power generation and energy distribution systems remain uninterrupted. Currently, a
comprehensive framework for this is yet to be established.

Natural Limits

The KEEP framework does not account for natural limits, which must be considered when evaluating
each energy mix. For example, if one were to attempt to power the world solely with fossil fuels to
achieve a Type | civilization, the consequences would likely be detrimental. Such an approach would
result in significant increases in CO, emissions, exacerbating the greenhouse effect without effective
carbon capture and storage. Furthermore, the high heat rate of fossil fuel combustion would
contribute to accelerated polar ice melt and a rise in global temperatures, both of which would be
unfavorable for the planet’s climate.

In contrast, renewable energy sources such as solar, wind, tidal, or wave power do not inherently
increase the Earth's heat load in the same way. They merely convert incoming
solar/geothermal/tidal flux that was already absorbed by Earth into useful work and ultimately heat,
whereas nuclear, fossil, and fusion add net new energy to the planetary budget. They primarily
harness energy already supplied by natural celestial bodies—namely, the Sun and Moon—and utilize
raw materials that are part of Earth's existing resources. However, it is important to recognize that
these technologies can influence planetary albedo and local heat dissipation patterns. For example,
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replacing reflective ice or desert surfaces with dark solar panels reduces local reflectivity, which can
alter Earth's energy balance over time.

As civilization moves towards Type Il, if a Dyson Sphere or swarm is deployed around the Sun, one
could argue that establishing solar power plants on Earth would not be beneficial, since energy
would already be harvested by the sphere or swarm, resulting in a lack of sunlight—and therefore
energy—available for those plants; this will also decrease the temperature on Earth.

Conversely, if the goal were to solely utilize solar technologies, there are still inherent natural limits
to consider. While it may seem feasible to cover vast areas of the Earth with solar panels to achieve
a Type | civilization, practical constraints such as land availability, ecological impact, and resource
allocation must be addressed. It is important to recognize that no single energy source, including
solar, can provide a sustainable and comprehensive solution without considering such limitations.

For additional examples and a more detailed analysis, please see Appendixes D and E.
Resource Scarcity

It is crucial to recognize that the scarcity of raw materials significantly impacts energy production
across all energy systems, from resource extraction for fossil fuels and nuclear power to
manufacturing solar panels and even the production of transmission wires. The extraction and
processing of these materials require substantial energy and machinery. For instance, resources such
as copper (Cu), wolfram (W), zinc (Zn), nickel (Ni), platinum (Pt), lithium (Li), silicon (Si), uranium (U),
thorium (Th), manganese (Mn), rare earth elements (REEs), iron, and bauxite are essential for
different energy technologies. Locating and extracting these materials can be costly, and the
manufacturing processes for cement, steel, and aluminum are particularly energy-intensive.
Recycling these materials will become essential, but it will only occur when it becomes cost-effective
to do so.

¢ Quantitative Constraints

Considering the copper requirements for a Type | civilization, current global copper production is
approximately 22 million tonnes per year. The world’s reserves are estimated at around 1,000
million tonnes, while identified and undiscovered copper resources are approximately 2,100 million
tonnes and 3,500 million tonnes, respectively (USGS, 2024). Electrical infrastructure like wind and
solar PV requires roughly 5 kg of copper per kW of installed capacity. Achieving the baseline INEC of
2.1 x 10" W would require:

. Skg -
Copper required = 2.1 * 1013kW = = = 1.05 * 10**kg = 105 billion tonnes

This represents approximately 4560 years of current global copper production—clearly indicating
that:

1. Massive expansion of mining and recycling would be required
2. Alternative materials (aluminium, high-temperature superconductors) must be developed
3. Material efficiency must improve dramatically

The 5 kg/kW figure is a representative order-of-magnitude intensity for copper in wind/PV-heavy
electrical buildouts (generation plus associated electrical balance-of-system) and is used here as an
illustrative bound; actual copper intensity varies substantially by technology choice and grid
architecture.
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¢ Implications for KEEP

Resource scarcity does not invalidate KEEP as a planning metric, but it introduces additional
constraints that must be considered alongside the capacity calculations. A civilization may have
sufficient energy resources (solar flux, nuclear fuel) but lack the materials to build the required
infrastructure. KEEP should therefore be complemented by material intensity analysis to identify
potential bottlenecks in the path to higher civilization levels.

The extraction and processing of these materials are themselves energy-intensive, creating a
feedback loop between KEEP realization and primary energy availability. This interaction connects
KEEP to EROI considerations: building energy infrastructure requires energy, and material scarcity
may increase the energy cost of infrastructure construction over time.

The Economic Dimension — Levelized Costs

Understanding the economic competitiveness of different energy technologies is essential for
planning sustainable energy systems. While technical metrics such as capacity factor and efficiency
evaluate performance, economic metrics like the Levelized Cost of Energy (LCOE) and Levelized Cost
of Storage (LCOS) determine the financial viability of deploying specific technologies at scale. These
costs influence decision-making, investment strategies, and policy development, shaping the future
landscape of energy systems.

Typical LCOE
Technology (J:D /MWh) Notes

Highly competitive; costs have risen due to supply

Onshore Wind $37-$86 . .
chain and macroeconomic factors.

Utility-Scale Solar 438478 One of the cheapest options for new-build generation,
PV despite recent cost pressures.

Cost depends heavily on natural gas prices and recent

Natural Gas CCGT S48 - 5109 )
capital costs.

Based on older Lazard data (v14.0), adjusted for

Geothermal 66 - 5109
2 2 inflation due to limited recent projects.
Coal $71-$173 'Baseq on older Lazard data (v1‘4.0), adjusted for
inflation; excludes transportation and storage costs.
U.S. Nuclear $141 - $228 Based on recent projects (e.g., Vogtle); high upfront

capital costs are a primary challenge.

12



Typical LCOE

Technolo Notes

&Y (USD/MWh)
Grid-Scale Li-ion $115 - 5254 Based on a 4-hour system; costs are sensitive to raw
Battery (LCOS) material prices and project specifics.

Table 6: Levelized Costs Based on Lazard’s 2024 Analysis

(Note: LCOE is highly sensitive to location, fuel costs, and policy incentives. LCOE excludes
externalities (e.g., carbon pricing, land-use costs, environmental remediation Figures are based on
Lazard’s LCOE v18.0 and LCOS v10.0 reports.)

Implications for Future Energy Systems

The KEEP framework unlocks essential avenues for both theoretical inquiry and practical
applications. It emphasizes that understanding energy capacity should encompass how diligently and
sustainably that energy is utilized over time. Utilizing KEEP, researchers and policymakers can
pinpoint weaknesses in existing energy systems and strategize for improved efficiency steering
energy developments towards sustainable goals.

A key aspect of planning future energy systems involves evaluating the economic viability of
different technologies. Assessing the Levelized Cost of Energy (LCOE) for various options provides
critical insights into their cost-effectiveness and long-term sustainability. Policymakers and investors
often prioritize technologies with lower LCOE for large-scale deployment, but it is essential to
balance cost with resource availability, environmental impacts, and technological longevity.
Incorporating LCOE analysis into strategic planning ensures a more comprehensive understanding of
potential trade-offs and guides investments toward sustainable, cost-effective solutions.

Strategies might include:

Improving energy capacity and efficiency: Investing in technology that optimizes energy conversion
across all sectors.

Enhancing Grid Resilience: Developing robust energy networks capable of withstanding disturbances
while ensuring effective maintenance.

Assessing Technological Longevity: Conducting lifecycle assessments to evaluate energy
technologies' long-term viability and sustainability. A framework should be developed for this.

Assess and identify all the natural limits for various energy sources, then utilize KEEP to optimize the
energy mix.

Limitations

While KEEP provides a useful framework for infrastructure planning, several limitations should be
acknowledged:

What KEEP Captures

e Installed capacity requirements: KEEP correctly quantifies the nameplate primary capture
capacity needed to sustain a given useful output.
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Technology comparisons: The framework enables systematic comparison of energy mixes
based on their infrastructure burden.

Storage integration: IKEEP extends the framework to account for energy storage losses.

What KEEP Does Not Capture

1.

Dispatchability and grid stability: KEEP treats all capacity symmetrically, but a 1 GW nuclear
plant provides different grid services than 1 GW of solar PV. Baseload, peaking, and
intermittent generation have different operational values that KEEP does not distinguish.

Temporal dynamics: Energy systems require real-time supply-demand matching. KEEP's
time-averaged approach is appropriate for infrastructure planning but does not address
operational constraints such as ramping rates, reserve margins, or frequency regulation.

Geographic and resource constraints: KEEP assumes energy sources are available at the
specified efficiency and capacity factor. Real-world deployment faces location-specific
resource availability, transmission constraints, and land-use limitations.

Lifecycle considerations: KEEP measures instantaneous capacity, not the energy or materials
required to build and maintain that capacity. EROI and lifecycle assessment provide
complementary perspectives.

Economic factors: While LCOE is discussed separately, KEEP itself does not incorporate cost.
A low-KEEP technology may still be economically unfavorable.

Environmental externalities: KEEP does not account for emissions, land use, water
consumption, or other environmental impacts beyond the heat dissipation discussed in
Appendix E.

Complementary Frameworks

For comprehensive energy system assessment, KEEP should be used alongside:

EROI analysis for lifecycle energy balance

LCOE/LCOS analysis for economic viability

Grid integration studies for operational feasibility
Life cycle assessment (LCA) for environmental impact

Resource availability studies for deployment constraints

KEEP is most valuable as a capacity-planning metric that translates civilizational energy goals into
concrete infrastructure requirements, while acknowledging that infrastructure scale is only one
dimension of energy system design.

Conclusion

The Kardashev-Vestorp Energy Efficiency Parameter (KEEP) refines our understanding of civilizational
energy. It explicitly separates the useful output (the goal) from the primary input (the cost). By
identifying the massive gap between these two figures caused by inefficiency (ECE), intermittency
(CF), and transmission losses (GE), KEEP serves as a guide for sustainable development. It
demonstrates that advancing to a Type | civilization is not merely a matter of generating more
power, but of mastering the efficiency and thermodynamics of the entire energy chain.
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However, to fully realize the potential of this framework, it is essential to develop additional tools
that address energy system resilience, technological lifespan, and economic viability—particularly
through the incorporation of metrics like the Levelized Cost of Energy (LCOE). These aspects will
ensure a more robust assessment of long-term sustainability and adaptability in the face of evolving
challenges, guiding investments and policy decisions toward cost-effective and sustainable energy
solutions.

Becoming a true Type | civilization is not primarily a question of building power plants—itis a
guestion of how extensively and sustainably we can harness primary energy sources while operating
within a finite planet's constraints.

KEEP transforms the Kardashev scale from speculative astronomy into actual systems engineering.

Ultimately, this approach aims to pave the way toward a resilient, efficient, and sustainable energy
future—one that balances humanity’s energy demands with the planet’s ecological limits and
natural resources.
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Appendices
Appendix A: Kardashev Scale Values:

Kardashev's original definition of a Type I civilization, estimated as of 4 * 101° erg/sec = 4 x
1012 watts, or 4 terawatts (TW), reflects the total sustainable energy consumption that humans
could theoretically harness from Earth's resources. However, more aspirational discussions (Carl
Sagan - The Cosmic Connection) often reference 10 watts as an idealized maximum capacity,
considering factors like technological advances and efficiency improvements.

Note: 1 watt=107erg/second
Appendix B: Calculation Example with Energy Mix

To demonstrate the application of Kardashev-Vestorp Energy Efficiency Parameter (KEEP) with a

diverse energy mix for a target energy consumption rate P=101® watts, use this formula:

Eq. 6: Energy Mix Summation

KEEP = En wix P
. 4 ECE; * CF; * GE
1=

Where:
e n: The number of different primary generation sources in the mix.
e w;: Is the fraction of useful energy output contributed by source i,
e ECE;: Energy Conversion Efficiency for source i.
e (F;: Capacity Factor for primary generation source i.
e GE: Grid Efficiency
Practical lllustration with a Scenario:
Suppose:
e P=10%wW,
e GE=0.95,

o Energy sources:

Energy Source w;(Weight of energy | ECE CF
mix)

Coal 30% 0.35 0.40

Gas 25% 0.55 0.6

Nuclear fission 20% 0.33 0.9

Hydroelectric 15% 0.90 0.45
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Solar PV 10% 0.20 0.25

Table 7: Energy sources for the example

Hydroelectric power converts gravitational potential energy directly to mechanical then electrical
energy. Unlike thermal generation, it is not subject to Carnot efficiency limits, enabling ECE values of
0.85-0.95.

Definition of mix weights w;

The weights w; in the KEEP formula require precise definition to ensure consistent application. This
paper defines weights as:

Useful energy output delivered to end-users from source i

w; =
: Total useful energy output delivered to end-users

Key Properties:

e Weights are defined as shares of useful end-use output P (after grid delivery, but before any
upstream conversion or capacity scaling)

o Yiawi=1

e Weights represent the contribution to meeting demand, not installed capacity shares or
generated electricity shares

When GE is assumed uniform across all sources (as in this paper), w; equals the share of generated
electricity. If sources have different grid efficiencies (e.g., distributed solar vs. remote wind), the
weights must be adjusted or GE must be made source-specific:

KEEP = ' wix P
- _ ECE; » CF; x GE;
i

This generalization is straightforward but increases data requirements.

Step 1: Calculate inputs from each source:

Input 03+ 10%W __ ) e, 101w
= 2. *
"PUlcoal 53577040 * 0.95
gt S2BAW e 1015w
= 7. *
"PUGas 5575 0.60 * 0.95
0.20 = 10w s
[nputNuclearfission 0.33 % 0.90 * 0.95 = 7.088 * 10>W
015+ 1015w .
Impuliyaro 50045+ 0,05~ o008+ 10°W
0.1 % 1016w g
Inputsoar = 2.105 = 1016w

0.20 * 0.25 * 0.95
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Step 2: Calculate the summed KEEP

Using the formula:

KEEP = 2.255 % 101 W + 7.974 %« 10> W + 7.088 * 101> W + 3.898 = 101> W + 2.105 = 101°W
KEEP = 6.256 * 101 W
Discussion

This calculation demonstrates how KEEP can be applied to an energy mix, incorporating the
efficiencies and capacity factors of various energy sources. The result, a KEEP of approximately
6.256 * 101® W, represents installed primary energy capture capacity needed meet a consumption
rate of 101® W with the specified energy mix and efficiencies.

This approach allows for the planning and optimization of energy systems, considering the
complexities of mixed energy sources and their varying efficiencies. It highlights the importance of
improving energy conversion efficiency, capacity factors, and grid efficiency to reduce the overall
energy generation capacity needed to meet demand, thus promoting more sustainable energy
development.

Appendix C: Incorporating Energy Storage Metrics into the Kardashev-Vestorp Energy Efficiency
Parameter (KEEP)

Importance of Energy Storage

Energy storage plays a pivotal role in modern energy systems, especially in the context of increasing
reliance on intermittent renewable energy sources. Storage technologies not only mitigate supply-
demand imbalances but also facilitate energy diversification and reliability. To accurately assess a
civilization's energy capabilities, it is essential to integrate these storage dynamics into the KEEP
framework.

Key Storage Metrics

e Round-Trip Efficiency (RTE): This measures the percentage of energy returned after a full
charge-discharge cycle. It quantifies the energy losses inherent in the storage process.

Energy Discharged
RTE = gy g

Energy Charged
e Lithium-ion batteries: 0.85-0.95
e Pumped hydro: 0.70-0.85
e Hydrogen (Power-to-X): 0.30-0.50
Because RTE < 1, more energy must be generated than is ultimately delivered through storage.
Integrated Kardashev-Vestorp Energy Efficiency Parameter (IKEEP)

To provide a more comprehensive assessment, we introduce the Integrated Kardashev-Vestorp
Energy Efficiency Parameter (IKEEP). IKEEP quantifies the essential primary power input required to
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support a civilization's average energy demand P;.mana - IKEEP accounts for both direct primary
energy generation and energy storage systems, building upon the concept that KEEP calculates the
installed primary energy capture capacity required to sustain useful energy demand, capacity that
must be installed and maintained regardless of energy efficiency or intermittency.

Eq. 7: The Basic IKEEP Formula

Where: fgirect + fstorage =

IKEEP = fdirect * Pdemand

fstorage * Pdemand

ECE * CFyrimary * GE ' ECE * CFyyrimary * GE * RTEgrorage

1

Parameter

Description

Example Values

Units

Notes

Total useful energy demand of
the civilization. The net energy
consumption at the end-user

Represents the
civilization's actual
energy needs, against

level over a specified period 10716 W (Type which system efficiency
Piemana |(€-8., annual average). ) Watts (W) |is measured.
Fraction of Pyemana supplied
directly from primary
generation, without passing Indicates the proportion
through energy storage. (0 < of demand met by
fairect |f_direct<1) 0.7 Dimensionlessimmediate generation.
Fraction of Pyemana supplied Indicates the proportion
from storage systems. (fgirect + of demand met by
fstorage |fstorage=1) 0.3 Dimensionless|stored energy.
Higher ECE reduces the
Energy Conversion Efficiency of total primary energy
the primary generation system needed. This applies to
(e.g., solar panels, nuclear the source supplying
reactors), converting raw energy both direct and stored
ECE |into usable electricity. 0.20 (Solar PV) |Dimensionless|energy.
Capacity Factor of the primary
generation system. It reflects the
ratio of actual output to
maximum possible output over a Crucial for converting
period, accounting for average power output
intermittency (renewables) or into required installed
maintenance (dispatchable nameplate capacity for
CFyrimary |sources). 0.25 (Solar PV) |Dimensionless|the primary generator.
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Parameter |Description Example Values|Units Notes

Grid Efficiency. Ratio of useful Accounts for losses in

energy delivered to end-users the electrical grid for all

versus energy generated, delivered energy,

including transmission and whether direct or from
GE distribution losses. 0.95 Dimensionless|storage.

Directly accounts for

Round-Trip Efficiency of the energy losses within the
energy storage system. storage system,
Measures the percentage of requiring more primary
energy recovered from storage energy to be generated
after a full charge and discharge [0.90 (Lithium- for a given output from
RTEstorqgelcycle. ion) Dimensionless|storage.

Table 8: Key Parameters for IKEEP

Defining Pefrective,ynq

To simplify multi-source calculations, we define Pesrective 10aa @S the electrical power that must be
produced at the distribution bus (after grid losses) to meet demand, including the additional energy
required to compensate for storage losses.

Eq. 8: The Pofrective;ynq

fstorage
Peffectiueload = Pgemana * (fdirect + “RTE

Critical Clarification

What Pefrective,,,, includes What Pgrective,,,, excludes
Storage losses (via RTE) Grid losses (GE)
Both direct and storage pathways Conversion losses (ECE)

Capacity factor effects (CF)

Pefrective,,,, 1S the required electrical power at the distribution bus (after grid losses) needed to
meet

P4emand including storage round-trip losses.
Grid losses are captured separately when calculating IKEEP:

Eqg. 9: IKEEP Short Form
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Peffective
IKEEPp = ——~——load_
ECE % CF * GE

Storage Location Assumption

This paper assumes storage is located at the distribution level (near end-users), such that:
e Grid losses (GE) occur once between generators and the load center
e Storage losses (RTE) occur after grid delivery

For alternative configurations (e.g., storage at generator bus), a more detailed model may be
required where GE applies separately to charging and discharging flows.

Example Calculation
Let's determine the IKEEP necessary for a Pemana Of 1018W (Type 1), using the refined formula and
the following scenario:

o Pyomana= 1018W (Type I civilization)
e Primary generation: Solar PV (ECE = 0.20, CFyimqry = 0.25)
e Grid: GE=0.95
e Demand Fulfillment:
o fairect= 0.7 (70% of demand met directly)
*  fstorage= 0.3 (30% of demand met via Lithium-ion battery storage)

e Storage Technology: Lithium ion (RTE;4rqge= 0.90)

Term Calculation Result

Direct Term (0.7 * 101©)/(0.20 % 0.25 * 0.95) 1.47 = 10w
Storage Term (0.3 % 10%6)/(0.20 % 0.25 * 0.95 % 0.90) 7.02 = 1016w
Total IKEEP 1.47 * 107 W + 7.02 = 106w 2.17 * 101w

Interpretation:
Approximately 2.17 x 10" W of installed primary energy capture capacity is required to meet 10" W
of useful demand when 30% passes through storage.

Adapting IKEEP for a Diverse Primary Energy Mix

When the primary energy is generated from a mix of technologies, IKEEP must be calculated by
summing the primary input required from each source individually. The correct generalized formula
is:

Eq. 10: Multi-Source IKEEP

n
wi * effectivejpaq
IKEEP = E
=1 ECEL * CFL * GE
i=
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Where:
o Porrective,,,41S Calculated once for the entire system (includes storage losses)
e w; is the fraction of generation from source i
e GE appears in the denominator (applied once per source)

Example Calculation: Diverse Primary Energy Mix (Solar PV and Nuclear Fission)

To demonstrate the application of the Integrated Kardashev-Vestorp Energy Efficiency Parameter
(IKEEP), we calculate the required primary energy capture capacity for a mix of Solar PV and Nuclear
Fission, incorporating energy storage losses.

Scenario Parameters:
o Piomana= 101°W (Type | civilization)
e Grid: GE=0.95
¢ Primary Generation Mix:
e 50% Solar PV (Wgp1qr = 0.5): ECEgp1qr = 0.20, CEFprimarysyiar = 0.25
e 50% Nuclear Fission (Wyqciear = 0.5): EECENyciear = 0.33, CFprimaryyyciear = 0.90
e Demand Fulfillment:
e fairect= 0.7 (70% of demand met directly)
*  fstorage= 0.3 (30% of demand met via Lithium-ion battery storage)
e Lithium-ion Storage: RTE;,yqge= 0.90
Step 1: Calculate Total effective load Required (Grid Load)

Since storage systems are not 100% efficient (RTE < 1), the primary power plants must generate
more electricity than the net demand to compensate for storage losses.

fstorage * Pdemand)
RTEstorage

Peffectiveload = (fdirect * Pdemand) + (

0.3 %10

590 > =7%10%°4+3.33%10%° =1.033 10 W

Peffectiveload = (0.7 10%®) + (

Note: The grid must generate approximately 103.3% of the useful demand, with the extra 3.3%
accounting for energy lost during storage cycles.

Step 2: Calculate IKEEP for Each Source

Assuming an equal split (50/50) of the required generation between Solar PV and Nuclear Fission,
we compute the primary input for each source separately to avoid averaging errors.

A. Solar PV Component

Weolar * effectiveipad

ECEsolar * CI:solar *GE

Solar Input =
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0.5%1.033 % 10'®  5.165  10'°

= = = 1.087 * 10V7W
0.20 * 0.25 * 0.95 0.0475 *

B. Nuclear Fission Component

Whuclear * effectiveipad

ECEnuclear * CFnucIear * GE

Nuclear Input =

_ 0.5%1.033 % 1016 _ 5.165 * 1015

- - = 1.831 * 1016
0.33%0.90 % 0.95 0.282 *

Step 3: Total IKEEP
IKEEP = Solar Input + Nuclear input
1.087 * 10Y7W + 1.831 * 10°W = 1.27 » 10V"W

With a 50/50 split between Solar PV and Nuclear Fission, and considering storage losses for 30% of
the demand, the civilization requires an installed primary energy capture capacity of approximately
1.27 * 1017 W to support its useful energy needs, regardless of energy use efficiency or storage
intermittency."

This calculation highlights that, despite Nuclear Fission providing half of the electricity, Solar PV
accounts for the majority (~85%) of the primary energy burden. This is primarily due to Solar PV's
lower efficiency and capacity factor compared to Nuclear Fission.

Mathematical Justification: Why CF ;4,44 is excluded

A common misconception is to include CFgtrqge (Capacity Factor of the storage system) in the
denominator of the IKEEP formula. This is incorrect for IKEEP, as its purpose is to calculate the
installed primary energy capture capacity needed to meet average demand.

Purpose of IKEEP: IKEEP specifically calculates the installed primary energy capture capacity required
to support long-term, average energy flows (e.g., on an annual basis). It does not account for
instantaneous power fluctuations or the detailed dispatch schedule of storage assets. Therefore,
including CFstorqge, Which pertains to storage utilization efficiency, is unnecessary and would lead to
incorrect sizing.

Energy Burden from Storage: The total energy that the primary generator must produce to charge
storage is deterministically derived from the average useful demand met by storage (fstorage *
Pgemana) and the ECE * CFpyimqry * GE * RTEgtorage-

The average power input required by storage Pcparge avg iS:

_ fstorage * Paemand
Pcharge,avg = RTEstorage

Converting this average power into the corresponding primary power input requires accounting for
the primary generation's own inefficiencies (ECE, CFpyimqary) and grid losses (GE):
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Pcharge,avg _ fstorage * Pdemand
ECE * CFprimary * GE ECE % CFprimary * GE * RTEstorqge

Required Primary Capacity =

As demonstrated, CFstorqge does not appear in this equation. Its exclusion is fundamental to
accurately calculating the average primary capacity needed, independent of storage utilization
patterns.

Role of CFgiorage

CFstorage (€8, 0.17 for a 4-hour battery discharging daily) describes the utilization pattern of the
storage asset. A low CFgrqge indicates that the storage is used less frequently, implying it must
operate at a higher instantaneous power (MW) when active to deliver its required energy
contribution. While this affects the power rating (MW) and energy capacity (MWh) of the storage
system itself, it does not change the total average energy that the primary generator must provide
over the long term to satisfy the fiorage * Paemana-

Where CFgtorqq0 Applies
While excluded from the IKEEP formula, CFs¢orqge is an essential metric for other critical aspects of
energy system planning:

a) Sizing the Storage System lItself: CFs; .44, directly influences the required nameplate power
rating (MW) of the storage system needed to deliver fs;orqge * Paemana-

Eqg. 11: Storage Power Rating (Optional)

fstorage * Pdemand

Storage Power Rating = CF
storage

Example: For fstorage * Paemana = 0.3 * 10*® W and CFs¢orqge = 0.17, the Storage Power Rating
=1.76 x 1016 W

b) Economic Analysis (LCOS): The cost-effectiveness of a storage system depends a lot on how much
you use it and how well it preserves energy.

e When CFstorqge (how often you use the storage) is higher, the LCOS (cost per unit of stored
energy) becomes lower.

e When RTEs;orqge (how efficiently the storage keeps and releases energy) is higher,
the LCOS also decreases.

In short:
LCOS is inversely proportional to the product of CF;orqge and RTEgiorage:

1
CFstorage * RTEstorage

LCOS x

This means:
Using your storage more often and having batteries that keep energy well makes storage cheaper.
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Conclusion for Appendix C

This appendix clarifies how energy storage metrics, particularly Round-Trip Efficiency, are integrated
into the KEEP framework to derive IKEEP. By accurately calculating the total primary generation
capacity required to meet a civilization's average energy demand, IKEEP offers a more
comprehensive and robust tool for assessing energy systems, explicitly distinguishing between
energy throughput losses and hardware utilization metrics.

Appendix D: Natural Limits for Solar Technologies
Scenario: Powering a Type | world (P = 101® W) using Solar PV.
e Target Useful Output (P): 1016 W
e Primary Resource:
Peak Solar Insolation (if):1000 W/m?
e PV Parameters: ECE =0.22, CF =0.20, GE=0.92
Required Area Using KEEP
1016

_ _ 17 ;
KEEP = 522702000z ~ 2471077 W (Primary Input)

KEEP
Iref

Area =

) 2.47 » 10VW 247 « 10142
== . *
€% = 7000 W/m? m

Installed Nameplate Electrical Capacity (INEC)
1 016

= = 5.43 x 101® W (N lat
CF+GE 020x0092 * (Nameplate)

INEC =

This requires 54.3 Petawatts of installed solar panels.
e Earth Surface Area: 5.1 * 10™*m?2.

e Required Area using 1000 W/m? (2.47 * 10'*m?) is about 48% of the Earth's total surface.
This includes both land-based PV and floating PV installations.

Note:

The total land area is approx. 1.49 x 10*m? .

The practically usable land for solar PV — assuming 50% of total land = 0.745 x 10**m?
Space-Based Solar Power (SBSP):

Space-Based Solar Power involves collecting solar energy in space and transmitting it to Earth for
practical use. Space-Based Solar Power (SBSP) offers a potential pathway to bypass the fundamental

25



limitations of terrestrial solar. By collecting energy in orbit, SBSP is not constrained by land use,
atmospheric weather, or the day-night cycle, achieving a capacity factor near 1.0.

Transmitting this energy to Earth typically involves Wireless Power Transmission (WPT), such as
Microwave Power Transmission (MPT) or Laser Power Transmission (LPT). However, these methods
face challenges, including power losses due to atmospheric absorption, beam divergence, and the
large distances involved, especially in Low Earth Orbit (LEO). Despite these challenges, ongoing
testing and technological development aim to improve efficiency and feasibility.

SBSP is the only solar pathway to approach Type | without covering an unsustainable percentage of
Earth’s surface.

Conclusion for appendix D

Under the assumed PV performance parameters (ECE = 0.22, CF = 0.20, GE = 0.92), a PV-only
pathway to sustaining P = 10716 W implies an installed primary-capture-equivalent nameplate of
2.47 » 107 W and a PV collector area on the order of 2.47 * 10'* m?(48% of Earth’s total surface).

This magnitude is not physically impossible in principle, but it is plausibly prohibitive under present
land-use, ecological, materials, and grid-integration constraints. Practical Type | pathways therefore
likely require either major technology improvements (efficiency, siting, transmission, storage),
alternative collection architectures (including space-based solar), and/or a diversified energy mix.

Appendix E: Heat Dissipation as a Fundamental Barrier to Energy Growth

Humanity's ability to generate and utilize energy is fundamentally constrained by a thermodynamic
limit: the dissipation of waste heat. All energy conversion processes, whether from hydrocarbons,
nuclear fission/fusion, or geothermal, ultimately produce heat. As our total energy consumption
grows, the associated waste heat significantly alters Earth's energy balance, posing a critical barrier
to advancement on the Kardashev scale. Reaching and sustaining a Type | civilization (210" W) is
therefore not just an engineering challenge, but a planetary climate management challenge.

Available Solar Energy on Earth
The Earth receives 173,000 TW of solar radiation at the top of the atmosphere. After accounting for
albedo (=30%), the absorbed insolation is 122,000 TW (122 PW).

A Simplified Climate Model: Energy and Temperature

Important Caveat: This model treats Earth as a perfect blackbody, ignoring atmospheric complexity,
greenhouse effects, and feedback mechanisms. Real warming from added energy would likely be
higher due to positive feedbacks (water vapor, ice-albedo). This analysis is illustrative only.

The relationship can be expressed as a ratio of the initial and final energy states:

Eq. 12: Thermodynamic Temperature Ratio

(Tnew)4 _ Power,,

Tbase Powerbase

Where:
e Thase is Earth's current average baseline temperature (approx. 288 K or 15°C).

e Poweryp,. is the current net absorbed solar power (approx. 122 PW).
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e T, is the new average temperature.
e Power,,, is the new total power input (solar + anthropogenic).
Scenario Analysis: The Impact of Fusion Power

Let's calculate the temperature increase from adding large-scale energy generation, such as from
nuclear fusion. For context, current global anthropogenic energy use is ~0.018 PW, which is
negligible compared to the solar input. We will model the impact of adding 10 PW and 100 PW.

Scenario 1: Adding 10 PW of Fusion Power

1. Calculate New Total Power Input:
Power,., = 122 PW (Solar) + 10 PW (Fusion) = 132 PW

2. Determine the Temperature Ratio:
( Thew )4 _ 132PW

= ~ 1.082
288 K 122 PW
Tnew
= (1.082)Y* ~ 1.020
288 K ( )

3. Calculate the New Temperature:
Thew = 288 K*1.020 = 293.8 K (20.65 °C)

This represents an increase of approximately 5.8 K, a big change for global climate and ecosystems.
Scenario 2: Adding 100 PW of Fusion Power
The effect is non-linear and far more severe at higher energy levels.

1. Calculate New Total Power Input:
Power, o, = 122 PW (Solar) + 100 PW (Fusion) = 222 PW

2. Determine the Temperature Ratio:
( Thew )4 _222PW
288K/ ~ 122pPW

Tnew
2 — (1.820)* ~ 1.162
288 K ( )

1.820

3. Calculate the New Temperature:
Thew = 288 K* 1.162 = 334.7 K (61.55 °C)

This is an increase of 46.7 K, which would imply extremely large equilibrium warming in this
simplified bound, far beyond conditions compatible with current ecosystems. This simplified model
demonstrates that surpassing a Type | civilization level without addressing heat dissipation is not
feasible.

Future Considerations: Geoengineering and Thermal Management

The simplified blackbody model assumes Earth has a fixed albedo (a) and radiative profile. However,
a civilization capable of generating 101® W possesses the engineering capacity to modify these
variables. The thermal limit is therefore not absolute, but dependent on the deployment of active
cooling infrastructure.

To sustain high KEEP levels without thermal runaway, a civilization must implement:
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e Albedo Modification: Increasing Earth's reflectivity (e.g., stratospheric aerosols, orbital
sunshades) to reduce solar absorption (P,psorbed_solar) in direct proportion to the increase
in anthropogenic heat (Papthropogenic)-

¢ Radiative Cooling: Deploying high-altitude or orbital radiators that emit via atmospheric
infrared windows (8—13 um), effectively bypassing greenhouse re-absorption to maximize
heat rejection into space.

Waste Heat as a Control Variable

In advanced scenarios, waste heat transforms from a byproduct into a control variable. For instance,
if a Type Il civilization deploys a Dyson swarm that reduces solar flux to Earth, anthropogenic waste
heat would become necessary to maintain planetary habitability. Thus, KEEP analysis suggests that
as P approaches 101° W, investment must shift from purely generation capacity to active planetary
thermal regulation.

Conclusion of Appendix E

The pursuit of greater energy generation is intrinsically linked to the challenge of waste heat
dissipation. The non-linear relationship between energy use and global temperature necessitates a
careful, long-term strategy. Balancing our civilization's energy needs with the thermal stability of our
planet will be one of the most critical challenges on the path to becoming a Type | civilization and
beyond.
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