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The Path to 100%

The Path to 100% is working to identify the fastest, 

most cost-effective, most reliable ways to de-carbonize 

electricity — not just city by city, but across entire 

states and nations. It brings together thought leaders 

and industry experts to discuss solutions, raise 

awareness, and discover operationally and financially 

realistic approaches to building a future that runs on 

100% renewable electricity. 

This requires addressing economic, scientific, and political 

challenges that vary around the world. Accordingly, 

the Path to 100% is not a one-size-fits-all blueprint. 

Instead, it aims to provide information that can help 

shorten the time it takes for each nation, state, and 

community to customize its own Path to 100%.

The Path to 100% is made possible by Wärtsilä, a 

global leader in smart technologies and complete 

lifecycle solutions for energy markets. To learn 

more about Path to 100% and join the expert 

community, visit https://www.pathto100.org

Where We Are Today 

Leaders around the globe are setting ambitious 

targets to decarbonize electricity en route to 

a 100% renewable energy future, and this is 

changing the way the world is powered. Today, 

fossil fuels generate about two-thirds of the 

electricity on Earth. By 2050, wind and solar will 

generate almost half of the world’s electricity, 

according to Bloomberg New Energy Finance. 

But in a world that needs electricity 24/7, renewables 

present a challenge: the wind doesn’t always blow, 

the sun doesn’t always shine, and the output of wind 

turbines and solar farms varies constantly. This doesn’t 

work well with our current system of large, inflexible 

power plants that can take hours — or even days — to 

switch on and off. They were not built to keep up with 

fast-growing amounts of variable wind and solar energy. 

In clean-energy hotspots like California, these large 

traditional plants must stay online all the time to 

ensure a steady flow of electricity to the grid. Even 

if they ramp down to minimum output on a sunny 

day, they still burn fossil fuels. There are already 

places — such as California and Germany — where 

the sun and wind at times generate more electricity 

than a state or country needs. If the excess energy 

can’t be sold to a neighbor that happens to need it 

at that moment, it is “curtailed;” that is, it’s wasted. 

As we move to 100% renewable power, this must 

change. As we add more wind, solar, storage, 

and flexibility, we also must retire inflexible old 

power plants powered by fossil fuels. Today’s 

decision-makers must address the fact that the 

electricity system we have now was not built for 

a 100% renewable energy world. When it comes 

to making decisions about policy, technology, 

and investment, they need to choose options that 

help power systems evolve to accommodate the 

variable baseload that solar and wind will provide. 

That’s why Wärtsilä created The Path to 100%. We 

are engaging specialists, convening stakeholders, 

and generating realistic transition paths that 

will enable nations, states and communities to 

transition to 100% renewable energy. 

The Path to 100% is working to 
identify the fastest, most cost-
effective, most reliable ways to 
de-carbonize electricity — not 
just city by city, but across 
entire states and nations.

https://www.pathto100.org
https://bnef.turtl.co/story/neo2019/?teaser=true
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The Renewable Revolution

As a growing number of cities, states and nations 

set goals for increasing amounts of renewable 

energy, economics is helping bring those plans to 

fruition. Over the past 20 years, the cost per kilowatt 

of wind power plants has decreased by 40%, while 

the cost of solar generation has dropped by 90%. 

Bloomberg New Energy Finance has found that 

more than two-thirds of Earth’s population already 

lives in countries where solar or wind — or both — 

are the least-expensive sources of new electricity 

generation. BNEF projects that new wind and solar 

will cost less than existing coal and gas generation 

in China by 2027, and that new wind and solar will 

be cheaper than existing goal and gas generation 

in most of the world by 2030. 

As wind and solar power become increasingly 

cost-competitive, investments in traditional, 

inflexible baseload plants such as large coal, 

nuclear, and gas combined-cycle plants are 

declining. This signals an end to the era of large, 

centralized power plants that run on fossil fuels. 

Global financial trends reflect this dramatic 

shift, with renewable generation attracting more 

investment dollars than fossil-powered generation 

year after year. In 2018, investment in renewable 

power capacity was about three times higher than 

the amount invested in new coal- and gas-fired 

generation combined, according to the global 

renewable energy organization REN21. Worldwide 

investment in renewables has exceeded $230 billion 

for nine years in a row.

Lower costs and increasing spending on 

renewables are driving deeper penetration of 

renewable energy around the globe. While solar 

energy generates only about 2% of Earth’s electricity 

today, it is projected to generate 22% by 2050, 

according to Bloomberg New Energy Finance. And 

while wind generates 5% of today’s electricity, it is 

projected to generate 26% by 2050. While two-

thirds of the world’s electricity is generated from 

fossil fuels today, by 2050 two-thirds of electricity 

will be generated from zero-carbon sources, with 

almost half coming from renewables and the rest 

from hydroelectric and nuclear power. 

The writing is on the wall: the global shift to 

renewable power generation has begun, and  

there is no going back. 

The Path to 100%  
Renewable Energy:

• Is possible, practical, and financially viable

• Is rooted in science, data and engineering

• Develops the most cost-effective and 

realistic scenarios for nations, states and 

communities to reach 100% renewable 

generation

• Promotes policies that enable rapid 

reductions in fossil fuel use and rapid 

increases in renewable generation in the 

electricity sector 

• Steers electricity-sector decisions about 

investments, infrastructure and technology 

toward decisions that quickly reduce 

greenhouse gas emissions and pave the 

way for a 100% renewable energy future

https://www.ren21.net/gsr-2019/chapters/chapter_05/chapter_05/
https://www.ren21.net/gsr-2019/chapters/chapter_05/chapter_05/
https://bnef.turtl.co/story/neo2019/?teaser=true
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Boosting Renewables is Not Enough

No power system can achieve 100% renewable 

electricity just by adding more renewable 

generation. It also needs to slash fossil-fueled 

generation. That means reducing reliance on 

traditional gas- and coal-fired plants, whether 

they’re used for baseload or to back up variable 

renewable generation. And that can be harder than 

you might think.

The “duck curve” provides a visual representation 

of the difficult balancing act facing power systems 

with substantial renewable energy production. It 

reflects the fact that, over the course of the day, 

renewable generation and demand for electricity 

rise and fall – but not at the same time.

The duck curve is an illustration of the 

development of net load, which equals the total 

load minus the GWh from primarily solar and wind 

throughout the day. Net load is essentially the load 

that must be served by everything else besides 

renewables. As greater amounts of solar and wind 

are added to the system in California, the belly of 

the duck curve shows net load falling as solar is 

peaking mid-day. As the sun sets and darkness 

falls, net load ramps up dramatically. 

The challenge is that traditional fossil-fuel-powered 

plants are inflexible: they can’t just switch off when 

the sun is high and switch back on when the sun 

sets. Because traditional power stations require 

many hours to shut down and many hours to start 

back up, they cannot power up and down quickly 

enough to handle predictable shifts in demand 

and generation, let alone unexpected changes in 

the weather. To ensure a steady flow of electricity, 

California’s traditional gas-fired power stations 

have to keep running at 40% to 50% capacity, 

even on a bright, sunny day. Running at low 

capacity is inefficient and emits large amounts of 

climate-warming carbon. 

Figure 1. This duck curve shows variations in the California energy system’s net load, which equals total load minus electricity generated 
from primarily solar and wind; that is, net load is the amount of power that must by generated from non-renewable sources. 

The Duck Curve
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On days when California has too much electricity 

to handle, it tries to sell some to another state. If 

it can’t find a buyer, the extra power is wasted. 

That risk of overproducing electricity and wasting 

energy is shown in the “belly” of the duck curve. 

California is not alone. Other states, cities and 

nations chart patterns of wind and solar generation 

and electricity demand that reveal challenges in 

balancing supply and demand. In every case, 

simply adding more renewable generation will 

never be enough to get to a 100% renewable 

energy future. We must also subtract fossil-fuel 

generation, and we need to do it quickly, starting 

now, in a way that continues to ensure a reliable 

supply of power. 

Case in Point: Germany 

Germany has ramped up installation of wind and solar generation for two decades, and now renewables could 

cover more than a third of the country’s annual demand for electricity. 

But almost half of that renewable power is pushed to other European countries at peak times. That’s because 

Germany’s baseload coal-fired and nuclear power plants – which ensure constant power – can’t be quickly 

turned on and off, and so must stay online, burning coal. 

At times when Germany’s wind, solar, coal and nuclear plants together generate more power than the country 

needs, Germany ends up donating the surplus to neighboring countries. Sometimes, it even has to pay other 

countries to take its surplus power. 

The German power system can’t take the chance of shutting off coal-fired power plants during favorable wind 

conditions, because if conditions change, it might not be able to restart the power plants fast enough to avoid 

service problems. Coal-fired plants can only ramp down to minimum load, which is typically about half of full output.
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Building a Path to 100%

In California, the Path to 100% has been hosting 

stakeholder meetings, modeling potential energy 

futures, and sharing its findings about the fastest, 

least-expensive strategy to get to 100% renewable 

electricity with state officials. 

Some say the answer is to add battery storage 

while continuing to expand renewable generation. 

But given the current costs of battery storage, 

it alone cannot handle all of a power system’s 

storage needs in a way that makes economic 

sense. Currently available commercial-scale 

batteries can last up to about 12 hours. They’re 

well-suited to balancing loads minute by minute, 

and for day-to-day shifting of solar energy from 

daylight hours to the dark of night. But they don’t 

have the capacity to handle longer-term storage 

needs arising from seasonal changes, or to provide 

backup power during unusual weather patterns 

that can last for weeks. 

The cost of battery storage is falling, and the 

technology used is improving. However, we are 

still at least a decade away from “renewables plus 

battery storage” becoming an economically viable 

formula for reliable grid-scale wind and solar energy. 

And scientists say we don’t have time to wait. 

In the meantime, our inflexible power systems 

cannot keep up with the variability of wind and 

solar generation, so traditional power plants must 

stay online and burn fuel even on sunny or windy 

days when they are not needed. This forces 

system operators to keep burning fossil fuels even 

as they curtail excess renewable power.

The Solution: Adding  
Flexible Generation

The solution is to retire inflexible coal and gas 

plants and replace them with a new generation of 

flexible generation plants that:

• Stop and restart in minutes,

• Only burn fuel when their electricity is needed 

on the grid, and 

• Can convert to run on renewable fuels as 

those fuels — notably power-to-gas fuels — 

become more plentiful and affordable.  

Adding this kind of flexible generation allows power 

systems to slash fossil-fuel use and maximize 

use of renewable energy today, and to convert 

to 100% renewable energy in the future. In the 

meantime, battery storage will develop into a more 

economical and technically feasible strategy. 

If the goal is to maximize 
renewable generation, 
increasing renewable 
capacity is not enough.



7The Path to 100% Blueprint

Optimal Path: California 

In California’s case, this approach would allow 

the state to reach its renewable electricity and 

emissions targets faster than planned, while saving 

ratepayers billions of dollars. California’s current 

goal is to move to zero-emission electricity by 2045 

by relying heavily on solar, wind and battery-style 

energy storage. 

Path to 100% modeling reveals that an optimal 

path for California would take a different direction. 

The fastest, least expensive path to 100% 

renewable electricity involves phasing out legacy 

fossil-fueled plants, ramping up renewable 

generation and larger quantities of battery storage 

to manage system balancing and other ancillary 

services, and introducing smaller, modular, flexible 

power plants that can turn on and off quickly 

to compensate for variable generation from 

renewable sources. As renewable fuels technology 

advances, these flexible generation plants can 

easily be converted to run on fuels made with 

excess solar and wind energy that would otherwise 

be curtailed. These fuels, such as synthetic 

methane and green hydrogen, can serve as long-

term energy storage in existing underground gas 

storage facilities, and can be used to generate 

electricity when renewable sources and traditional 

storage technologies can’t keep up with demand. 

By following this optimal path, California can 

reach its zero-emission electricity goal five years 

early, in 2040 (Figure 2). Between now and then, 

this approach would cut 124 million tons of 

carbon dioxide emissions and slash hazardous air 

pollution, compared to existing plans. The cost 

would be $8 billion lower, and the footprint needed 

for utility-scale wind and solar would be 300 

square miles smaller (see Figure 3). 

Figure 3. This table shows how many square miles of land would be needed to build out California’s energy system 
according to three scenarios: the optimal path using power-to-methane (PtM), the optimal path using power-to-
hydrogen (PtH), and the state’s existing plan. 

Comparing Land Use in California   

Figure 2. By following this optimal path, California can reach its zero-emission electricity goal five 
years early, in 2040. Between now and then, this approach would cut 124 million tons of carbon 
dioxide emissions and slash hazardous air pollution, compared to existing plans. 

Reducing carbon emissions in California

https://www.pathto100.org/path-to-100-renewables-for-california/
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Optimal Path: The Philippines

For a look at how this strategy might work  

for an entire country, take a look at Path to  

100% modeling conducted for the Philippines. 

If that nation followed a similar strategy, our 

modeling found: 

• Renewable energy sources (RES) would 

increase from 20% to 100% 

• Energy storage would increase from 0 MWh  

to 44,000 MWh

• Total installed capacity would increase from 

24,735 MW to 64,271 MW

• Flexible generation would make up about  

one-sixth of total generation, comprising  

about 10.7 GW of thermal capacity that  

runs on renewable fuel 

Figure 4. Modeling of the Philippines’ energy system shows that following the optimal path would allow the country to generate 5/6 of its 
electricity from renewable sources like wind and solar, with the rest coming from thermal capacity that runs on renewable fuels. 

Optimal Path to 100%: The Philippines 
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Optimal Path: Hawaii 

Other analysts are reaching similar conclusions. 

Ascend Analytics modeled Hawaii’s power system 

for the Hawaiian Electric Company (HECO), with 

an eye on the island state’s ambitious goal of 

100% renewable energy by 2045. 

Ascend Analytics found that the optimal 

combination of renewables, flexible thermal 

generation and battery storage would save $809 

million in portfolio costs (Figure 5). By adding 

13.27 GWs of utility-scale solar, 1.34 GW of 

offshore wind, and 10,000 MWhs of load-shifting 

batteries while shifting from inflexible power plants 

to flexible generation, Hawaii could reduce its 

thermal generation needs by 70% and transition 

from fossil fuels to renewable carbon-free or 

carbon-neutral fuels. 
Figure 5. Ascend Analytics found that Hawaii’s optimal path to 100% would save $809 million in portfolio costs. 

Optimal Path to 100%: Hawaii 

https://www.pathto100.org/heco-selects-16-solar-energy-storage-projects-as-part-of-2020s-renewables-ramp-up/
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Steps on the Path to 100%

Every power market is unique. But Path to 100% research shows that no matter the market, all transitions to decarbonized power systems require  

similar actions. These can be adapted to local conditions so that any country, state or community can develop its own Path to 100%. 

The steps on the Path to 100% are not sequential, but instead run parallel to each other, often overlapping. 

Make a plan

• Using computer modelling tools, make a plan 

that includes renewables, storage, and system 

flexibility while retiring inflexible fossil-fuel 

power plants. 

• Modeling software can help identify the most 

flexible, economical and environmentally friendly 

options, providing a sound basis for setting goals 

and mapping the optimal Path to 100%. 

Add renewables

• Different mixes of renewable sources will suit 

different locations and circumstances. 

• Renewables will become the new baseload 

source of energy for the grid.

• Distributed renewables will expand, as well.

Add battery storage

• Battery storage can capture excess  

renewable generation and provide ancillary 

services such as frequency regulation and 

short-term reserves. 

• Pumped-hydro facilities can also serve  

this purpose. 



11The Path to 100% Blueprint

Phase out large, inflexible fossil  
fuel plants…

• Phasing out inflexible fossil-fuel-powered 

plants is the only way a power system can 

make room for all the electricity renewable 

sources can generate. 

• As years go by and inflexible power plants are 

retired, renewable energy will take over the role 

of providing baseload, while a combination 

of flexible generation and energy storage will 

ensure that electricity always flows. 

…while adding flexible generation

• Flexible capacity allows maximum use of 

variable renewables such as wind and solar, 

while also ensuring the constant and reliable 

flow of electricity. 

• Flexible power plants can turn on and off in a 

matter of minutes in response to changes in 

wind or sunshine. 

• Unlike inflexible, traditional gas and coal plants, 

flexible gas plants don’t need to keep running 

all the time, so they burn dramatically less fuel.

Convert flexible gas plants to 
synthetic fuels

• Once 80% to 90% of electricity in a system 

is generated with renewable sources, convert 

flexible generation plants from burning fossil-

gas to running on synthetic carbon-neutral 

or carbon-free fuels produced with excess 

renewable power. 

• Power-to-hydrogen and power-to-methane 

powered by renewable energy produce 

fuels that act as long-term energy storage, 

accommodating needs arising from seasonal 

changes and providing backup power during 

long-lasting unusual weather events.

Celebrate a 100% renewable 
power system 
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The Model 100% Renewable Energy System 
The Path to 100% renewable power and the optimal power systems it 

envisions will be different for every city, state, and country across the globe. 

But while every system’s power generation mix will be unique, all must reliably 

deliver electricity 24/7, regardless of the season. These future power systems 

will need four cornerstones to maintain reliable power in the clean power 

system of the future.

Generation Cornerstone 
In a 100% renewable future, wind and solar farms will generate most of our 

electricity. As the amount of wind and sunshine depend on the weather, there 

will be times when there is not enough power (at night or during calm winds) 

and times when more energy is generated than is needed, and the excess 

power is stored for future use. Because weather is so variable, the system 

must have an excess of wind and solar farms in place in order to maintain 

100% renewable power.
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Constant Balance Cornerstone 

This cornerstone keeps power flows on the grid balanced, minute by minute. 

Power systems must maintain a balance between electricity consumption and 

generation at all times. A system imbalance can cause electrical equipment 

and industrial processes to malfunction, lights to flicker, and sensitive electrical 

equipment to be damaged; if the imbalance is significant enough, the entire 

electric grid can fail, causing a blackout. The Constant Balance Cornerstone 

collects excess power in short-term battery-style energy storage with typical 

durations of one hour or less that continuously charge and discharge as 

needed to supply constant, reliable power. 

Daily Shift Cornerstone 

This cornerstone ensures that the lights stay on when the sun goes down. The 

most cost-effective method of electricity shifting is using overbuilt renewable 

power during the day to meet load and charge storage, and discharging that 

stored energy at other times of the day when it’s needed. Storing excess wind 

and solar electricity for future use is the key to avoiding wasting or curtailing 

energy when over-generation occurs. The Daily Shifting Cornerstone is made 

up of large energy-storage assets that can charge all day and discharge with 

durations of 4 to 12 hours.
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Reliability Cornerstone 

Power systems have to deliver power every day of the year, no matter how 

dark the winter, how still the summer, or how long-lasting the unfavorable 

weather system. The Reliability Cornerstone ensures system reliability 

24/7/365, even when there is not enough solar or wind power to satisfy 

demand. Flexible generation will make up the difference, acting as insurance 

for the 100% renewable power system. At first, these flexible power plants 

will run on natural gas. But over time, they will convert to running on green 

hydrogen or carbon-neutral methane produced from excess renewable power, 

and power-to-gas will serve as long-term storage for clean energy — the final 

step on the Path to 100% renewable energy. 
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100% Renewable Future 

As a combination of renewable energy, energy storage and flexible generation enables a 100% renewable 

future, societies will reap the benefits of cleaner air, a more stable climate, and more affordable, more 

available electricity that can support greater prosperity around the globe.

We look forward to working with you on the Path to 100%. 

PathTo100.org


