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I. INTRODUCTION AND CONTEXT

PUBLIC STREET-LIGHTING USES >50 % OF MUNICIPAL ELECTRICITY IN PORTUGAL AND REPRESENTS ≈1 %
OF TOTAL GLOBAL ENERGY DEMAND. EU CLIMATE POLICY DEMANDS RENEWABLE, LOW-CARBON SOLUTIONS

ALSO FOR LIGHTING SYSTEMS.

THE NEED TO TRANSITION FROM FULLY GRID-DEPENDENT STREET LIGHTING TO RENEWABLE-POWERED 
SMART LIGHTING HAS LED TO INNOVATIONS IN HYBRID SOLAR-PHOTOVOLTAIC, WIND SYSTEMS, ENERGY 
STORAGE, AND IOT-BASED MANAGEMENT STRATEGIES.

HYBRID SOLAR-PHOTOVOLTAIC (PV) COMBINED WITH BATTERY ENERGY STORAGE SYSTEMS (BESS) CAN

SHIFT DAYTIME SOLAR PRODUCTION TO NIGHT-TIME DEMAND.

THE RENEWABLE ENERGY COMMUNITIES (REC) FRAMEWORK CAN BE A VEHICLE FOR AGREGATION OF

MULTIPLE PRODUCTION PLANTS AND MULTIPLE LIGHTING SYSTEMS WHEN NOT COLOCATED – OFTEN PUBLIC

LIGHTING HAS MULTIPLE CIRCUITS FED FROM DISTINCT GRID-CONNECTION POINTS.

II. OBJECTIVES AND MOTIVATION

THIS PAPER PRESENTS AND APPLIES A MODEL FOR OPTIMIZING HYBRID SOLAR PV AND BESS FOR STREET 
LIGHTING, FOCUSING ON THE CHALLENGES OF MEETING NIGHTTIME ELECTRICITY DEMAND WITH A DAYTIME-
ONLY RENEWABLE ENERGY SOURCE. 

THE MIXED-INTEGER LINEAR PROGRAMMING MODEL DETERMINES THE COST-OPTIMAL SIZING FOR SOLAR 
PV AND BESS FOR A GIVEN MUNICIPAL STREET LIGHTING SYSTEM IN PORTUGAL.

CONSIDERING MULTIPLE PARAMETERS AND TECHNICAL CONSTRAINTS, THIS PAPER ASSESSES THE 
TECHNO-ECONOMIC VIABILITY ACROSS A REALISTIC RANGE OF CAPEX SCENARIOS. 

THIS RESEARCH PROVIDES VALUABLE INSIGHTS INTO DESIGNING SUSTAINABLE AND COST-EFFECTIVE STREET 
LIGHTING SYSTEMS, ENABLING MUNICIPALITIES TO REDUCE THEIR RELIANCE ON THE GRID ENERGY AND 
TRANSITION TOWARDS GREATER ENERGY SOURCING INDEPENDENCE. THE RESULTS OFFER A FRAMEWORK 
FOR EVALUATING THE ECONOMIC VIABILITY UNDER VARIOUS COST AND OPERATIONAL CONDITIONS.

III. METHODOLOGY AND CASE STUDY

IV. SIMULATION RESULTS 

PV 1200 PV 1000 PV 800 PV 600 PV 400
BESS 500
BESS 400 5.9 7.4
BESS 350 5.3 6.3 7.9
BESS 300 4.0 4.7 5.6 6.8 8.3
BESS 200 4.9 5.4 6.2 7.6 9.2
BESS 100 5.4 6.1 7.0 8.6 10.4

PV 1200 PV 1000 PV 800 PV 600 PV 400
BESS 500
BESS 400 24.8 26.8
BESS 350 25.5 26.7 28.4
BESS 300 23.0 25.2 26.8 28.5 30.0
BESS 200 28.5 29.2 30.2 32.3 33.7
BESS 100 31.9 33.2 34.6 36.8 38.6

PV 1200 PV 1000 PV 800 PV 600 PV 400
BESS 500
BESS 400 63% 70%
BESS 350 62% 67% 74%
BESS 300 53% 59% 65% 71% 77%
BESS 200 65% 68% 72% 78% 83%
BESS 100 70% 74% 78% 84% 89%

THE RESULTS SHOW POTENTIAL FOR A POSITIVE INVESTMENT 
CASE IN VARIOUS SCENARIOS, WHICH WOULD RESULT IN COST 
SAVINGS FOR THE TARGETED MUNICIPALITY. THE SELECTED

SCENARIO (BASE CASE) RESULTS ARE HIGHLIGHTED WITH A 
BLACK BORDER ON THE TABLES:

• CAPEX: PV 1000 €/KW, BESS 200 €/KWH

• OPTIMAL SIZING: 5.4 MW PV + 29.2 MWH BESS
• DEMAND SELF-SUFFICIENCY INDEX: 68 %

THE DEMAND SELF-SUFFICIENCY INDEX REPRESENTS THE 
SHARE OF THE STREET LIGHTING CONSUMPTION THAT IS 
SUPPLIED BY RENEWABLE ENERGY FROM THE HYBRID SYSTEM. 
THE SELF-SUFFICIENCY INDEX IN THE BASE CASE SCENARIO IS 
68% WHICH MEANS THAT ONLY 32% NEEDS TO BE SOURCED 
FROM THE GRID.

THE PRESENT STUDY DEVELOPS AND IMPLEMENTS A RENEWABLE 
ENERGY COMMUNITY, WHERE A NORMALIZED PROFILE FOR THE PV 
GENERATION (IN PORTUGAL) IS USED FOR A FULL YEAR (8760 DATA-
POINTS). THE PROFILE IS SCALED-UP ACCORDING TO THE INSTALLED 
CAPACITY SUGGESTED BY THE MODEL – EXTERNAL INPUT.

• MODEL OBJECTIVE FUNCTION: MINIMISE ANNUALISED STREET

LIGHTING SUPPLY COST PLUS POST-PROCESSING DEDUCTION OF THE

SURPLUS PV EXPORTS REVENUE.
• MODEL DECISION VARIABLES: PV CAPACITY (KW), BESS ENERGY

(KWH) - HOURLY DISPATCH.
• MODEL CONSTRAINTS: DEMAND BALANCE, BESS

STATE-OF-CHARGE, CHARGE/DISCHARGE EXCLUSIVITY, CAPACITY

LIMITS, GRID-ENERGY ARBITRAGE IS NOT ALLOWED (CANNOT CHARGE

THE BESS WITH GRID SUPPLIED ENERGY).

AS PRESENTED IN THE SCHEMATIC, A REC CONCEPT WITH TWO MEMBERS IS USED AS A 
CASE STUDY. REC2 IS A LIGHTING ELECTRICITY CONSUMER AND REC1 IS AN ELECTRICITY 
PRODUCER HOLDING A PV PLANT EQUIPPED WITH A BESS. REC1 CAN INVEST IN PV AND 
IN BESS TO REDUCE THE TOTAL ELECTRICITY SOURCING COSTS PAID BY REC2.

• CASE LOAD: 13 GWH (ANNUM) WITH 3.17 MW PEAK DEMAND

• CASE PV PROFILE: NORMALISED IRRADIANCE (PORTUGAL, LISBOA) SCALED BY

INSTALLED CAPACITY; BESS ROUND-TRIP EFFICIENCY 90 %
• CASE SCENARIOS: PV 400-1200 €/KW AND BESS 100-500 €/KWH

• CASE ECONOMIC PARAMETRES: 20 YEARS; FLAT 5% INTEREST RATE, GRID SOURCED 
ELECTRICITY PRICE: 140 EUR/MWH

THE SURPLUS PV SALES ARE ACCOUNTED FOR IN A POST-OPTIMIZATION STEP AS AN 
ADDITIONAL REVENUE STREAM. THESE ARE PRICED BASED ON THE AVERAGE MONTHLY 
PRICES FROM THE DAY-AHEAD MARKET (DAM) MIBEL.

WINTER SIMULATION RESULTS – 4 CONSECUTIVE DAYS SUMMER SIMULATION RESULTS – 4 CONSECUTIVE DAYS

V. FINANCIAL ANALYSIS VI. CONCLUSIONS

PV 1200 PV 1000 PV 800 PV 600 PV 400
BESS 500
BESS 400 72 181
BESS 350 85 177 296
BESS 300 33 103 190 294 416
BESS 200 253 333 430 546 685
BESS 100 497 591 699 829 984

AS TAKE-HOME POINTS, WE WOULD LIKE TO

HIGHLIGHT SOME GENERIC CONCLUSIONS:

• THE RESULTS DEMONSTRATED THE 
SYSTEM’S EFFICACY IN MEETING STREET 
LIGHTING DEMAND, STORING SURPLUS 
DAYTIME SOLAR ENERGY FOR NIGHTTIME 
USE, AND GENERATING SURPLUS IN SUMMER 
FOR SALE TO THE GRID

• PV+BESS HYBRIDIZATION CAN

DECARBONISE MUNICIPAL STREET LIGHTING

WITH POSITIVE RETURNS AS SOLAR PANELS

AND ENERGY STORAGE COSTS FALL

• ECONOMIC VIABILITY ALREADY ACHIEVED AT

BESS CAPEX ≤ 300 €/KWH WITH PV
CAPEX ≤ 1200 €/KW FACING THE CURRENT

PORTUGUESE GRID ELECTRICITY PRICES -
WITHOUT ANY OTHER GRID-SERVICE

REVENUE STREAMS

• THIS MODEL PROVIDES A REPLICABLE AND

ADAPTABLE APPROACH FOR MANY OTHER

MUNICIPALITIES SEEKING COST SAVINGS

THE RESULTS SHOW THAT THE HYBRID SYSTEM CAN BE 
ECONOMICALLY FEASIBLE UNDER CERTAIN MARKET 
CIRCUMSTANCES. ITS MERIT CAN BE QUANTIFIED IN SEVERAL 
METRICS, BEING THE MAIN CRITERIA THE ABILITY TO SAVE COSTS 
COMPARED TO THE FULL GRID SUPPLY COSTS. THE OVERALL 
ECONOMIC SAVINGS CONSIDERING THE REVENUES FROM THE 
SELF-SUFFICIENCY, THE SURPLUS SOLD TO THE GRID AND THE 
COST OF THE INVESTMENT IN SOLAR PV AND BESS IS 
REFLECTED IN THE TABLES. EXAMPLE FOR THE SELECTED BASE 
CASE:

• ANNUAL SAVINGS VS GRID-ONLY: 333 K€
• LIFE-TIME NET PRESENT VALUE (NPV): 1.86 M€
• INTERNAL RATE OF RETURN (IRR): 6.9 %

FURTHER ANALSYS SHOWS:

• FINANCIAL BREAKEVEN IS UP FOR GRABS AT PV ≤ 1200 €/KW
AND BESS ≤ 300 €/KWH

• NPV SPANS 0.88–9.48 M€ ACROSS THE CAPEX SCENARIOS

• IRR SPANS 5.9–16.7 % ACROSS THE CAPEX SCENARIOS

• NPV/IRR CONTOUR MAPS (POSTER BOTTOM-RIGHT) CAN

EASILY HIGHLIGHT THE VIABLE DESIGN SPACE

PV 1200 PV 1000 PV 800 PV 600 PV 400
BESS 500
BESS 400 3.59 6.01
BESS 350 2.40 3.77 6.36
BESS 300 0.88 1.49 2.54 4.25 6.78
BESS 200 1.21 1.86 2.98 5.02 7.88
BESS 100 1.54 2.47 3.77 6.37 9.48

PV 1200 PV 1000 PV 800 PV 600 PV 400
BESS 500
BESS 400 8.0% 9.8%
BESS 350 7.1% 8.2% 10.2%
BESS 300 5.9% 6.4% 7.3% 8.7% 10.9%
BESS 200 6.2% 6.9% 8.0% 9.9% 12.8%
BESS 100 6.8% 7.9% 9.5% 12.5% 16.7%

PV CAPACITY IN MW FOR VARIOUS SCENARIOS:

BESS CAPACITY IN MWH FOR VARIOUS SCENARIOS:

DEMAND SELF-SUFFICIENCY IN PERCENTAGE:

HIGHLIGHTS:
• PV GENERATION IS NOT ENOUGH TO FILL THE 

STORAGE SYSTEM CAPACITY, SUGGESTING PV 
UNDER-SIZING FOR WINTER CONDITIONS

• FULL SELF-SUFFICIENCY IN SUMMER CONDITIONS 
PLUS SURPLUS GENERATION SUGGESTS PV 
OVER-SIZING IN SUMMER CONDITIONS

ANNUAL SAVINGS VS GRID-ONLY IN EUR(1000X):

INVESTMENT NPV IN EUR(1 000 000X) :

INTERNAL RATE OF RETURN IN PERCENTAGE:

CUMULATIVE (LIFETIME) RESULTS
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