
Discovery Challenge: When Solar Predictions Were 77% Too Pessimistic

The Puzzle

• 2015 NREL forecast: $91/MWh LCOE in 2050

• 2024 actual: $21/MWh (77% cheaper already!)

• Half of 2050 cost projections match today’s prices

• Some 2050 CAPEX forecasts overshoot by 30%

• 2024: Global average $0.043/kWh (but rose 0.6%)

• Solar now 41% cheaper than fossil fuels

Questions This Raises

• Why were forecasts so wrong?

• Does this affect project bankability?

• How do you model technology cost curves?

• What happens to existing PPAs priced higher?

• Should LCOE assumptions be more aggressive?

• How does this impact renewable energy finance?

[Discovery 1] This puzzle will be resolved by Goal 1—LCOE modeling and technology trends

Course Materials (Academic Program) Week 5: Renewable Energy Project Finance November 2024 1 / 33



Learning Goal 1

Understand Renewable Energy Technologies and Economics

theoretical — Foundation - Establishes technology and market context



The Global Renewable Energy Landscape

2024 Market Highlights

• Global renewable capacity: 4,448 GW

• Annual additions: 585 GW (+15.1%)

• Renewables share of new capacity: 92.5%

• Solar PV alone: 452 GW added

• Total wind capacity: 1,133 GW

Cost Revolution

• Solar PV: 41% cheaper than fossil fuels

• Onshore wind: 53% cheaper than fossil fuels

• 91% of new projects beat fossil fuel costs

Connection to Green Finance

• Week 1: $2.04T annual investment gap

• Renewables absorb largest share of green bonds

• Project finance enables capital deployment

Key Technologies

• Solar PV (utility-scale, distributed)

• Onshore wind

• Offshore wind

• Battery storage integration

• Hydrogen (emerging)

[Goal 1] IRENA (2024): Renewables now dominate global power capacity additions
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LCOE Trends by Technology (2010-2024)
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[Goal 1] Solar PV LCOE declined 90% in 14 years—from $0.417/kWh to $0.043/kWh (IRENA 2024)
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Solar PV: Technology and Economics

Technology Fundamentals

• Photovoltaic effect: light to electricity

• Module efficiency: 20-23% (commercial)

• Degradation: 0.3-0.5%/year

• Lifetime: 25-30+ years

• Capacity factor: 15-30% (location-dependent)

2024 Cost Benchmarks

• Global avg TIC: $691/kW
• China: $591/kW
• India: $525/kW
• USA: $1,058/kW
• Europe: $779/kW

LCOE Components

• Capital costs (60-70% of LCOE)

• O&M costs (1-2% of CAPEX/year)

• Inverter replacement (year 10-15)

• Land lease or purchase

• Grid connection costs

Regional LCOE (2024)

• China: $0.033/kWh

• India: $0.038/kWh

• Global: $0.043/kWh

• USA: $0.070/kWh

[Goal 1] Solar TIC fell 87% since 2010—module and inverter costs drove 60% of decline
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Wind Energy: Onshore and Offshore

Onshore Wind

• Global LCOE: $0.034/kWh (cheapest RE)

• TIC: $1,041/kW (2024)

• Capacity factor: 25-45%

• Turbine size: 3-7 MW typical

• Lifetime: 25-30 years

Regional Leaders

• China: $0.029/kWh

• Brazil: $0.030/kWh

• Europe: Higher due to permitting

Offshore Wind

• Global LCOE: $0.078-0.080/kWh

• TIC: $2,852/kW (2024)

• Capacity factor: 40-55%

• Turbine size: 10-15 MW (new)

• Higher costs but better resource

Offshore Advantages

• Stronger, more consistent winds

• Less visual/noise impact

• Larger turbines possible

• Near demand centers (coastal)

[Goal 1] Onshore wind is the cheapest electricity source globally at $0.034/kWh
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Global Renewable Capacity Growth
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[Goal 1] 585 GW added in 2024—highest annual growth ever; solar accounted for 77% of additions
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Levelized Cost of Energy (LCOE) Framework

Definition

LCOE =

∑T
t=1

It+Mt+Ft
(1+r)t∑T

t=1
Et

(1+r)t

Where:

• It = Investment/capital expenditure

• Mt = O&M costs

• Ft = Fuel costs (zero for solar/wind)

• Et = Electricity generation

• r = Discount rate (WACC)

• T = Project lifetime

Key Drivers

1. Capital costs (CAPEX)

2. Capacity factor (resource quality)

3. Discount rate (cost of capital)

4. Operating costs

5. Degradation rate

6. Project lifetime

Limitations

• Ignores time-of-generation value

• Doesn’t capture system costs

• Assumes constant output value

[Goal 1] LCOE provides standardized comparison but must be supplemented with value analysis
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Technology Cost Curves and Projections
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[Goal 1] Solar PV TIC projected to reach $388/kW by 2030; battery storage down 93% since 2010
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Policy Mechanisms Supporting Renewables

Revenue Support

• Feed-in Tariffs (FiT): Fixed price guarantees

• PPAs: Bilateral contracts with offtakers

• Contracts for Difference (CfD): Government-backed
price stabilization

• RECs/GOs: Tradable environmental attributes

Tax Incentives

• Investment Tax Credit (ITC): 30% in US

• Production Tax Credit (PTC): $27.5/MWh

• Accelerated depreciation (MACRS)

Case: UK CfD Mechanism

• Strike price: GBP 37.35/MWh (Hornsea 3)

• If market < strike: government pays difference

• If market > strike: project pays back

• Provides revenue certainty for 15 years

Impact on Financing

• Reduces revenue risk

• Enables higher leverage

• Lowers cost of capital

• Attracts institutional investors

[Goal 1] Policy mechanisms reduce risk and lower cost of capital—critical for project bankability
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Learning Goal 1: Summary

What We Achieved

• ✓ Analyzed renewable technology economics

• ✓ Understood LCOE framework and drivers

• ✓ Reviewed 2024 market data and trends

• ✓ Identified cost decline trajectories

• ✓ Connected policy to financing

Key Numbers to Remember

• Solar LCOE: $0.043/kWh

• Wind LCOE: $0.034/kWh

• Solar TIC: $691/kW
• 2024 additions: 585 GW

Can You Now...

• Calculate LCOE for a project?

• Compare technology economics?

• Explain cost decline drivers?

• Identify policy impact on financing?

• Distinguish onshore vs offshore wind?

Next: Goal 2

• How do we finance these projects?

• What structures enable deployment?

• How is risk allocated?

[Goal 1] Foundation established—now we apply project finance to deploy these technologies
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Discovery Challenge: The 100+ Solar Bankruptcy Wave

The Puzzle

• 2024: Over 100 solar company bankruptcies

• SunPower: Defaults since Oct 2023, Chapter 11 filed

• Mosaic: Major loan provider bankrupt (June 2025)

• Titan Solar: Chapter 7 (June 2024)

• 75% of CA rooftop solar firms at high bankruptcy
risk

• Typical DSCR requirement: 1.25-1.4x (wind), 2.0x
(battery)

Questions This Raises

• What went wrong with project finance models?

• How do DSCR covenants fail to protect lenders?

• Were revenue forecasts too optimistic?

• What about policy risk (ITC/PTC changes)?

• How should project finance adapt?

• What’s the difference between corporate vs project
risk?

[Discovery 2] This puzzle will be resolved by Goal 2—project finance structures and DSCR
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Learning Goal 2

Apply Project Finance Structure and Principles

quantitative — Build - Develops structuring and analysis skills



What is Project Finance?

Definition

• Financing of long-term infrastructure based on
project cash flows

• Limited or non-recourse to sponsors

• Ring-fenced in Special Purpose Vehicle (SPV)

• Assets and contracts provide security

Why Project Finance for RE?

• Large upfront capital requirements

• Long asset life (25+ years)

• Predictable revenue streams (PPAs)

• Separates project risk from sponsor

Key Characteristics

• High leverage: 60-80% debt

• Long tenor: 15-20 year debt

• Contracted revenue: PPA or CfD

• Risk allocation: To parties best able to manage

• Cash flow waterfall: Defined priority

vs Corporate Finance

• Recourse to project only (not sponsor)

• Higher due diligence requirements

• More complex documentation

• Lower overall cost possible

[Goal 2] Project finance enables off-balance-sheet development and attracts diverse capital
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Project Finance SPV Structure

Renewable Energy Project Finance Structure

Equity InvestorsDebt Providers

Key Contracts

Revenue Sources

Sponsor A
(Developer)

Special Purpose Vehicle
(Project Company)

---
Ring-fenced Assets
Non-recourse Debt

Equity
Capital

Sponsor B
(Investor)

Equity
Capital

EPC Contractor
(Construction)

EPC
Contract

O&M Provider
(Operations)

O&M
Contract

Renewable Energy
Project Asset

(Solar/Wind Farm)

Owns

Senior Lenders
(Banks)

Senior
Debt

DFI / ECA
(Concessional)

Concess.
Debt

Green Bond
Investors

Bond
Proceeds

PPA Offtaker
(Utility/Corporate)

Revenue

Merchant
Revenue

Revenue

Electricity
Sales

Spot
Sales

[Goal 2] SPV isolates project risk—lenders have recourse only to project assets and contracts
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Debt Sizing and DSCR Constraints

Debt Service Coverage Ratio

DSCR =
Net Operating Cash Flow

Debt Service

Typical Requirements

• P50 scenario: DSCR ≥ 1.40x

• P99 scenario: DSCR ≥ 1.20x

• Average DSCR: 1.50-1.60x

Debt Sizing Process

1. Forecast cash flows (P50, P90, P99)

2. Apply DSCR constraints

3. Calculate maximum debt capacity

4. Size debt to minimum of constraints

P50/P90/P99 Explained

• P50: 50% probability of exceedance (average case)

• P90: 90% probability—conservative

• P99: 99% probability—stress case

Why Multiple Scenarios?

• Renewable output is variable

• Lenders require downside protection

• Debt sized on worst reasonable case

• Equity absorbs first losses

Impact of Higher DSCR

• Lower leverage possible

• Higher equity requirement

• More conservative but bankable

[Goal 2] DSCR is the primary debt sizing constraint—balances leverage against downside risk
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DSCR Sensitivity Analysis
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Key Insight:
Debt sized on P99 DSCR >= 1.20x
ensures coverage in 99% of years

DSCR Sensitivity to Production Scenarios and Leverage

Min DSCR (P50): 1.40x
Min DSCR (P99): 1.20x
Breakeven (1.0x)
70% Leverage
65% Leverage
60% Leverage

Source: Industry Standards

[Goal 2] Debt is sized on P99 DSCR to ensure coverage even in 1-in-100 year downside scenarios
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Risk Allocation in Project Finance

Core Principle

• Allocate risk to party best able to manage it

• Transfer through contracts

• Residual risk to SPV/sponsors

Construction Phase Risks

• Cost overrun: EPC fixed price

• Delay: Liquidated damages

• Performance: Completion guarantees

• Technology: OEM warranties

Operating Phase Risks

• Resource: P50/P90 sizing cushion

• Availability: O&M guarantees

• Offtake: PPA counterparty credit

• Market: Merchant exposure (if uncontracted)

Retained Risks

• Regulatory/policy changes

• Force majeure events

• Residual market risk

• Currency risk (cross-border)

[Goal 2] Effective risk allocation is key to bankability—lenders require clear risk mitigation
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Risk Allocation Matrix

Risk Allocation in Renewable Project Finance

Construction Risk
(Delays, Cost Overrun)

EPC Contractor
---

Fixed Price
LDs for Delay

Transferred

Technology Risk
(Performance)

OEM / O&M
---

Warranties
Availability Guarantees

Warranties

Resource Risk
(Wind/Solar Variability)

SPV / Sponsors
---

Equity at Risk
Residual Risks

P50/P90
Cushion

Operating Risk
(Availability, O&M)

O&M Contract

Offtake Risk
(Counterparty Credit)

PPA Offtaker
---

Credit Support
Take-or-Pay

Credit Support

Market Risk
(Price Volatility)

Merchant
Exposure

PPA Hedge

Regulatory Risk
(Policy Changes)

Retained

Insurance
---

Property, BI
Political Risk

PRI

[Goal 2] Construction risk transfers to EPC; operating risk shared between O&M, offtaker, and SPV
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Power Purchase Agreement Structures

Physical (Sleeved) PPA

• Electricity delivered to utility

• Utility “sleeves” power to corporate

• Physical delivery to buyer’s location

• Balancing handled by utility

Virtual (Financial) PPA

• No physical power delivery

• Contract for Difference mechanism

• Project sells to wholesale market

• Settlement between fixed and spot price

2024 PPA Pricing

• N. America Solar: $49-55/MWh

• N. America Wind: $51-58/MWh

• Europe Solar: EUR 67/MWh

• Europe Wind: EUR 81/MWh

• +10.4% YoY increase in US

Key PPA Terms

• Tenor: 10-20 years

• Pricing: Fixed, escalating, or indexed

• Take-or-pay obligations

• Curtailment provisions

• Credit support requirements

[Goal 2] PPAs provide revenue certainty enabling project finance—corporate market grew 12% in 2023
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PPA Structure Flowchart

Power Purchase Agreement (PPA) Structures

Physical PPA (Sleeved) Virtual PPA (Financial)

Payment Mechanisms

Renewable Energy
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Utility
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Electricity

Wholesale
Market/Grid
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(Injected)
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CfD
Settlement
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Payment

Spot
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Fixed Price
Payment

Transfer

Transfer
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[Goal 2] Virtual PPAs dominate (60% market share)—enable corporate buyers without grid constraints
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Learning Goal 2: Summary

What We Achieved

• ✓ Understood SPV structure

• ✓ Learned debt sizing with DSCR

• ✓ Analyzed risk allocation principles

• ✓ Compared PPA structures

• ✓ Connected structure to bankability

Key Metrics

• DSCR minimum: 1.20x (P99)

• DSCR target: 1.40x (P50)

• Leverage: 60-80% debt

• PPA tenor: 10-20 years

Can You Now...

• Explain non-recourse financing?

• Size debt using DSCR?

• Allocate project risks?

• Compare PPA structures?

• Assess project bankability?

Next: Goal 3

• Build a financial model

• Calculate project returns

• Perform sensitivity analysis

[Goal 2] Structuring principles mastered—now we build models to evaluate investments
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Discovery Challenge: When Your Model Says Bankable But Market Says No

The Puzzle

• Survey: 8% of project finance deals have material
violations

• Higher interest rates made clean energy less
profitable

• PPAs locked at old prices vs falling LCOE

• Curtailment risk not modeled in early solar projects

• Interconnection delays (up to 5 years in some
markets)

• Weather variability higher than P50/P90 models
assumed

Questions This Raises

• What’s missing from standard project models?

• How do you model policy/regulatory risk?

• Should P50/P90 be stricter for renewables?

• What about merchant price risk?

• How do you stress-test revenue assumptions?

• Can Python models capture these risks?

[Discovery 3] This puzzle will be resolved by Goal 3—Python project finance modeling
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Learning Goal 3

Build Renewable Energy Financial Models

applied — Apply - Hands-on financial modeling



Financial Model Architecture

Input Modules

• Timing: COD, debt term, project life

• CAPEX: Equipment, installation, dev costs

• OPEX: O&M, insurance, land lease

• Revenue: PPA price, production, escalation

• Financing: Debt terms, interest rate

• Tax: Rate, depreciation, credits

Output Metrics

• Project IRR: Unlevered return

• Equity IRR: Levered return to sponsors

• NPV: Net present value

• DSCR: Coverage ratios over time

• LLCR: Loan life coverage ratio

• Payback: Simple and discounted

Key Formula

Equity IRR = Rate where
T∑
t=0

CFt

(1 + IRR)t
= 0

[Goal 3] Well-structured models separate inputs, calculations, and outputs for transparency
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Model Architecture Diagram

Renewable Energy Financial Model Architecture

INPUT MODULES

CALCULATION ENGINE

OUTPUT MODULES

KEY OUTPUTS

Timing
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Metrics

Energy
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Project IRR
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NPV
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[Goal 3] Debt sizing feeds back from DSCR calculation—iterative process until constraints met
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Revenue Modeling: Production and Pricing

Energy Production

Et = Capacity× CF× 8, 760× (1− d)t

Where:

• Capacity: MW installed

• CF: Capacity factor (P50 or P90)

• 8,760: Hours per year

• d : Degradation rate (0.3-0.5%)

Example: 100 MW Solar

• Capacity factor: 25%

• Year 1: 219,000 MWh

• Year 25 (0.4% deg): 200,000 MWh

Revenue Calculation

Revenuet = Et × Pt

Pricing Structures

• Fixed: Constant $/MWh

• Escalating: Annual % increase

• Indexed: CPI-linked

• Floor/cap: Bounded merchant

Example Revenue

• PPA: $45/MWh (2% escalation)

• Year 1: 219,000 × $45 = $9.9M
• Year 10: 209,000 × $54 = $11.3M

[Goal 3] Revenue modeling combines resource assessment (P50/P90) with contracted pricing
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Capital and Operating Cost Estimation

CAPEX Components (100 MW Solar)

• Modules: $35-40M (50-55%)

• Inverters: $5-7M (7-10%)

• BOS/electrical: $10-12M (15%)

• Installation: $8-10M (12%)

• Development: $3-5M (5%)

• Contingency: $3-5M (5%)

• Total: $69-79M ($690-790/kW)

OPEX Components (Annual)

• O&M contract: $8-10/kW/yr

• Insurance: $3-4/kW/yr

• Land lease: $500-1,000/MW/yr

• Asset management: $2-3/kW/yr

• Reserve funding: $2-3/kW/yr

• Total: $15-20/kW/yr

For 100 MW Project

• Annual OPEX: $1.5-2.0M
• OPEX as % of CAPEX: 2-2.5%

[Goal 3] CAPEX and OPEX estimates vary by region—use local benchmarks for accuracy
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Debt Sculpting and Repayment Profiles

Sculpted Debt Service

• Match debt service to cash flow shape

• Higher payments when revenue higher

• Lower payments during low production

• Maintains constant DSCR over time

Sculpting Formula

DSt =
CFADSt

Target DSCR

Where:

• DS = Debt service (P+I)

• CFADS = Cash flow available for DS

• Target DSCR typically 1.40x

vs Level Repayment

• Level: Equal payments each period

• Sculpted: Variable payments

• Sculpting increases capacity 5-10%

Debt Terms (Typical)

• Tenor: 15-18 years

• Construction: Interest-only

• Amortization: 12-15 years

• Interest rate: 5-7% (2024)

• Arrangement fees: 1-2%

Debt:Equity

• Solar: 70-80% debt

• Wind: 65-75% debt

[Goal 3] Debt sculpting maximizes leverage while maintaining DSCR throughout project life

Course Materials (Academic Program) Week 5: Renewable Energy Project Finance November 2024 29 / 33



Cash Flow Waterfall Analysis

PPA
Revenue

Other
Revenue

O&M
Costs

Insurance Land
Lease

EBITDA Taxes Debt
Service

CFADS Equity
Distribution

0

10

20

30

40

50

U
SD

 M
ill

io
ns

+$45.0M

+$2.0M
-$8.5M

-$1.5M -$0.5M $73.0M

-$4.0M

-$18.0M

$65.5M

-$14.5M

DSCR = 36.5M/18.0M = 2.03x

Annual Cash Flow Waterfall (100 MW Solar Project)
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Illustrative 100 MW Solar PV Project

[Goal 3] Waterfall shows priority of payments—debt service comes before equity distributions
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Return Metrics and Interpretation

Project IRR (Unlevered)

• Return on total investment

• Before debt financing

• Reflects project quality

• Typical range: 7-10%

Equity IRR (Levered)

• Return to equity investors

• After debt service

• Reflects leverage benefit

• Typical range: 10-15%

Leverage Effect

Equity IRR ≈ Project IRR +
D

E
× (Project IRR− kd )

Hurdle Rates (2024)

• Utility-scale solar: 8-12%

• Onshore wind: 8-11%

• Offshore wind: 10-14%

• Emerging markets: +2-5% premium

Other Metrics

• NPV: Value creation above hurdle

• Payback: Years to recover investment

• LLCR: NPV of CFADS / Debt outstanding

• PLCR: Project life coverage ratio

Decision Rule

• Equity IRR > Hurdle → Invest

• NPV > 0 → Value-creating

[Goal 3] Leverage amplifies returns—but also amplifies risk in downside scenarios
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Sensitivity Analysis: Tornado Chart
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Equity IRR Sensitivity Analysis (Tornado Chart)

Downside Case
Upside Case
Base Case: 12.0%
Hurdle: 10%

Illustrative 100 MW Solar Project

[Goal 3] PPA price and CAPEX are most impactful—focus negotiation and due diligence here
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Learning Goal 3: Summary

What We Achieved

• ✓ Built model architecture

• ✓ Modeled revenue and costs

• ✓ Applied debt sculpting

• ✓ Calculated IRR and NPV

• ✓ Performed sensitivity analysis

Key Insights

• PPA price is most impactful variable

• Leverage amplifies equity returns

• Sensitivity analysis identifies risks

• Model structure enables scenario testing

Can You Now...

• Structure a project finance model?

• Calculate project and equity IRR?

• Perform debt sizing with DSCR?

• Interpret sensitivity results?

• Make investment recommendations?

Week 5 Integration

• Technology economics (Goal 1)

• Project finance structure (Goal 2)

• Financial modeling (Goal 3)

• = Complete investment analysis toolkit

[Goal 3] Week 5 complete: From technology fundamentals to investment-ready analysis
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