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ABSTRACT

This article assesses long-term global copper demand resulting from the development of
photovoltaic (PV) systems through 2050. The study applies a quantitative scenario-based
methodology analogous to material-demand assessments used for energy storage technologies.
Copper demand is estimated by multiplying the projected increase in global installed PV
capacity by selected copper intensity assumptions expressed in tonnes of copper per megawatt
of PV capacity. The analysis uses the global PV capacity reported by IRENA for 2025 as the
historical baseline and applies a long-term DNV type PV deployment pathway reaching 6.5
TW in 2030, 13.0 TW in 2040 and 20.6 TW in 2050. Three copper-intensity scenarios are used:
a low case of 3.0 t Cu/MWp, a base case of 4.5 t Cu/MWp and a high case of 6.0 t Cu/MWp.
The results indicate that the additional PV capacity installed between 2025 and 2050 may
require approximately 54.65 Mt Cu in the low scenario, 81.98 Mt Cu in the base scenario and
109.30 Mt Cu in the high scenario. These values correspond to approximately 2.4, 3.6 and 4.8
years of current global mine production, respectively, and to approximately 5.6%, 8.4% and
11.2% of current global copper reserves. The findings suggest that PV development alone is
unlikely to exhaust geological copper reserves, but it will create a large, persistent and
strategically important demand impulse. The study highlights the need for improved material
efficiency, copper recycling, supply-chain diversification, responsible mining and better
integration of raw material planning with global energy-transition scenarios.

KEYWORDS: copper demand, photovoltaic systems, solar PV, energy transition,
critical minerals, copper intensity, raw material security
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1 INTRODUCTION

1.1  Photovoltaics and material demand in the energy transition

The global energy system is undergoing a structural transformation driven by
decarbonisation, electrification and the rapid expansion of renewable energy sources. Solar
photovoltaic technology has become one of the most dynamically developing sources of
electricity generation. Its modularity, decreasing investment cost, short construction time and
suitability for both utility-scale and distributed applications have made PV one of the central
pillars of the clean energy transition with solar PV accounting for almost 80% of renewable
electricity capacity growth in the analysed period, as shown in Fig. 1 [1], [2].
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Fig. 1. Renewable electricity capacity growth by technology segment, and solar PV share [2]

The rapid expansion of PV capacity creates not only opportunities for reducing
greenhouse gas emissions, but also new challenges related to the availability of mineral
resources and industrial supply chains. Low-carbon energy technologies are generally less
emission-intensive during operation than fossil-fuel-based systems, but they tend to be more
material-intensive at the investment stage. This means that the energy transition shifts part of
the strategic challenge from fuel extraction to the mining, processing, refining and recycling of
metals and industrial minerals [3], [6], [7].

Copper is particularly important in this context. It is used across almost all electricity-
related technologies due to its high electrical conductivity, durability, thermal performance and
suitability for cables, transformers, motors, inverters, grounding systems and grid
infrastructure. In photovoltaic systems, copper is used not only in the modules themselves, but
also in inverters, DC and AC cabling, earthing systems, transformers, switchgear, monitoring
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systems and grid connections. Therefore, the development of PV cannot be analysed only as a
silicon-module issue; it must be considered as part of a broader electrification infrastructure
that requires substantial quantities of copper.

1.2  Copper as a strategic metal for photovoltaic development
The strategic role of copper in PV results from the combination of three factors:

1. PV deployment is expected to continue growing rapidly over the coming decades.

2. PV systems require copper at different levels of the system architecture: from module
interconnections to plant-level balance-of-system components and grid connections.

3. Copper is already widely used in many other sectors of the energy transition, including
wind power, electric vehicles, battery systems, charging infrastructure, power grids,
heat pumps and industrial electrification [3].

The International Energy Agency identifies copper as one of the key materials for
electricity-related technologies and indicates that the share of clean energy technologies in total
copper demand may increase significantly in long-term transition scenarios [3]. This implies
that PV-related copper demand should not be interpreted in isolation. Even if PV alone does
not exhaust geological copper reserves, it competes for supply with other rapidly growing
applications. This creates risks related to project development lead times, declining ore grades,
permitting, geopolitical concentration, refining capacity, environmental constraints and
recycling system maturity.

1.3  Research problem and objective

The main research problem addressed in this article is the scale of copper demand
generated by the projected development of global photovoltaic capacity through 2050. While
many energy-transition scenarios report installed PV capacity, fewer studies translate these
capacity pathways into transparent and easily reproducible material-demand estimates. In
particular, there is a need for simple scenario-based calculations that can link global PV
deployment pathways with copper-intensity assumptions.

The objective of this article is therefore to estimate the global copper demand resulting
from additional PV capacity installed by 2050. The study applies a simplified but transparent
model based on the following logic:

Projected global PV capacity increase X copper intensity per MW.
The article aims to:

identify the projected growth of global PV capacity through 2050;

define copper intensity assumptions for PV systems;

estimate gross copper demand under low, base and high material-intensity scenarios;
compare PV-related copper demand with current global production and reserves;
discuss technological, methodological and supply-chain uncertainties;

identify implications for raw material policy, recycling and strategic mineral planning.

S S
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The analysis is intentionally focused on PV-related copper demand and does not attempt
to estimate total global copper demand across all sectors of electrification. As a result, the
findings should be interpreted as a partial but important component of broader copper demand
in the energy transition.

2 METHODOLOGY

2.1 Research approach

The study uses a quantitative scenario-based forecasting methodology. The adopted
approach is based on a simplified material-flow calculation in which the projected increase in
global PV capacity is multiplied by assumed copper intensity per unit of installed capacity.
This approach is useful when the purpose is not to simulate the entire copper market, but to
estimate the order of magnitude of copper requirements associated with one specific
technology pathway.

The methodology follows three main stages:

e defining the PV deployment scenario;
e defining copper intensity assumptions;
e calculating copper demand and comparing it with global production and reserves.

The analysis estimates gross copper demand associated with additional PV deployment
between 2025 and 2050. It does not include copper replacement, lifetime repowering, recycling
offsets or decommissioning flows in the core calculation. Recycling is discussed qualitatively
in the discussion section, because global recycling rates differ by region, copper product type
and collection system maturity.

2.2 PV capacity scenario

The baseline year for the calculation is 2025. According to IRENA data, global installed
PV capacity reached approximately 2 383 GW,, at the end of 2025 [1]. This value is used as
the starting point for estimating additional PV capacity through 2050 [14].

For the long-term pathway, the article uses a DNV-type scenario in which global PV
capacity reaches approximately [14]:

e 6500 GW, in 2030;
e 13000 GWj in 2040;
e 20600 GW; in 2050.

The scenario is consistent with the general expectation that solar PV will become one of
the dominant sources of electricity generation in the global energy transition.

Table 1: Global PV capacity assumptions used in the study [1], [14]
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Global PV capacity
Year (GW,]
2024 1873
2025 2 383
2030 6 500
2040 13 000
2050 20 600

2.3 Copper intensity of PV systems

Copper intensity is defined as the amount of copper required per unit of installed PV
capacity. In this study, the indicator is expressed as tonnes of copper per megawatt of PV
capacity:

t CU/MWp

Copper intensity depends strongly on the system boundary. Narrow estimates may
include only module-level or selected electrical components, while broader estimates may
include inverters, DC cabling, AC cabling, earthing, transformers, monitoring systems and part
of the grid connection infrastructure. Therefore, copper intensity should not be treated as a
universal physical constant. It is a system-level engineering parameter.

IEA chart on minerals used in selected clean energy technologies suggests approximately
2.8-3.0 t Cu/MW,, for solar PV [3]. Other engineering summaries indicate a broader range of
approximately 4.0-5.5 t Cu/MW,, when balance-of-system components are included [19]. To
reflect this uncertainty, the study uses three scenarios:

e Low scenario: 3.0 t CW/MW,;
e Base scenario: 4.5 t Cu/MW);
o High scenario: 6.0 t Cu/MW,,.

The low case represents a lower engineering bound. The base case represents a central
estimate for PV systems including key electrical balance-of-system components. The high case
represents projects with higher balance-of-system and grid-connection requirements, such as
utility-scale PV plants with longer cable routes or more complex electrical infrastructure.
Therefore, the base and high copper-intensity values should be interpreted as sensitivity
assumptions reflecting broader balance-of-system boundaries rather than precise empirical
constants.

Table 2: Copper intensity assumptions used in the sensitivity analysis

. | Copper intensity [t .
Scenario CuMW, ] Interpretation
Low 3.0 Lower bognd ba§ed on IEA-type
mineral intensity
Literature-informed central
Base 4.5 . . :
engineering assumption
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Conservative high-BOS + long

High 6.0 grid-connection case

2.4 Calculation equations
The increase in PV capacity between two time points is calculated as:
ACpyt = Cpyt — Cpyr—1
where:
ACpvt — increase in installed PV capacity in period t [MW,]
Cpvt — installed PV capacity in year t [MW,]
Cpvi.1 — installed PV capacity in the previous benchmark year [MW,]
Gross copper demand is calculated as:
Dey,r = ACpye x Iy
where:
Dcut — gross copper demand in period t [t Cu]
ACpyt — additional PV capacity in period t [MW,]
Icu — copper intensity [t Cu/MW,]

Cumulative gross copper demand by 2050 is calculated as:

DCu,2050 = E DCu,t

For comparison with global copper supply, two additional indicators are used:

_ Dc¢u,2050

Sprod - 2
world
_ Dcu,2050

Sres - R
world

Sprod — equivalent number of years of current global mine production [year]
Sres — share of current global copper reserves [%]

Pworld — current global annual copper mine production [t Cu/year]

Rworld — current global copper reserves [t Cu]
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3 RESULTS

3.1 Projected growth of global PV capacity

Using the adopted PV scenario, global PV capacity increases from approximately 2 383
GW, in 2025 to 20 600 GW,, in 2050. This means that additional PV capacity installed between
2025 and 2050 reaches approximately 18 217 GW,.

The largest absolute increase occurs after 2030. Between 2025 and 2030, the assumed
increase is approximately 4 117 GW,,. Between 2030 and 2040, additional capacity reaches 6
500 GW,,. Between 2040 and 2050, another 7 600 GW,, is added.

Table 3. PV capacity increase used for copper demand calculation

Period Initial capacity Final capacity Capacity increase Increase
[GW5] [GWp] [MWp] [“o]
2025-2030 2 383 6 500 4116 838 173
2030-2040 6 500 13 000 6 500 000 100
2040-2050 13 000 20 600 7 600 000 58
2025-2050 2 383 20 600 18216 838 764
25000
;E 20 000
9. 15000
Fin
'S 10000
T
S 5000 .
0 | |
2024 2025 2030 2040 2050
Year

B Global PV capacity [GWp]

Fig. 2. Global PV capacity development forecast

The projected additional PV capacity by 2050 corresponds to almost eight times the
currently installed global PV capacity. This scale of expansion is unlikely to remain neutral for
global raw material markets, particularly for copper, which is a key component of photovoltaic
systems, balance-of-system infrastructure and grid connections.

The scenario illustrates the scale of the PV expansion implied by long-term energy-
transition pathways. The order of magnitude is consistent with global expectations of multi-
terawatt PV deployment.
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3.2 Copper demand under low, base and high intensity scenarios

The results show that copper demand increases linearly with both PV capacity growth
and copper intensity. Under the low scenario of 3.0 t Cu/MW,, additional PV capacity installed
between 2025 and 2050 requires approximately 54.65 Mt Cu. Under the base scenario of 4.5 t
Cu/MW,, copper demand reaches approximately 81.98 Mt Cu. Under the high scenario of 6.0
t Cu/MW,, the result increases to approximately 109.30 Mt Cu.

Table 4. Estimated copper demand from additional PV capacity

Period Capacity increase (MWp) | Low (Mt Cu) | Base (Mt Cu) | High (Mt Cu)

2025-2030

4116 838

12.35

18.53

24.70

2030-2040

6 500 000

19.50

29.25

39.00

2040-2050

7 600 000

22.80

34.20

45.60

2025-2050

18216 838

54.65

81.98

109.30
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Fig. 3. Cumulative scenario additional copper demand from PV

The difference between the low and high scenarios is substantial. By 2050, the high case
produces a result twice as large as the low case. This confirms that the assumed system
boundary and copper intensity per MW,, are key drivers of the final estimate. Therefore, any
interpretation of PV-related copper demand should explicitly state whether the calculation
includes only module-level and internal plant components or a broader balance-of-system and
grid-connection boundary.

3.3 Comparison with global copper production and reserves

To interpret the scale of PV-related copper demand, the results were compared with
current global copper mine production and reserves. According to USGS data, global mine

| InZynieria Mineralna —Styczen - Czerwiec 2026  January - June Journal of the Polish Mineral Engineering Society ‘




production was approximately 23.00 Mt Cu per year, while global reserves were approximately
980.00 Mt Cu [5].

Table 5. Copper demand benchmarked against global production and reserves

Scenario Cumulative PV-related copper Equivalent years of Share of current
demand 2025-2050 (Mt Cu) current mine production | global reserves
Low 54.65 2.38 5.6%
Base 81.98 3.56 8.4%
High 109.30 4.75 11.2%
g Hi g I |
g Base |
8 Lovv |
0,00% 2,00% 4,00% 6,00% 8,00% 10,00% 12,00%
Share [%)]

Fig. 4. Copper demand as a share of current global copper reserves

The benchmark shows that PV-related copper demand through 2050 would represent
several years of current global mine production. In the base case, the cumulative demand equals
approximately 3.6 years of current global mine output. In relation to global reserves, the base
case corresponds to approximately 8,4% of current reserves.

This result does not imply an imminent geological shortage of copper. However, it does
indicate a major demand impulse concentrated in a relatively short period. Because mining
projects are capital-intensive, slow to permit and technically complex, the relevant bottleneck
may not be the existence of geological resources, but rather the ability to convert reserves and
resources into responsible, timely and cost-competitive production.

4  DISCUSSION

4.1 Interpretation of copper demand for PV development

The calculated results show that photovoltaic development may become an important
structural driver of copper demand. In the base scenario, PV expansion between 2025 and 2050
requires approximately 81.98 Mt Cu. This is a substantial quantity even in the context of a
metal with large global reserves and established mining infrastructure.

The result should be interpreted in two ways:

1. PV development alone is unlikely to exhaust global copper reserves, even the high
scenario represents approximately 11,2% of current global reserves.
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2. PV demand is only one component of total copper demand in the energy transition.
The same metal is required for transmission grids, distribution networks, wind power,
electric vehicles, chargers, industrial electrification, heat pumps and energy storage
systems. Therefore, PV-related copper demand contributes to a cumulative pressure on
the copper value chain.

The energy transition changes the nature of raw material dependency. In fossil-fuel-based
systems, operational fuel flows dominate long-term resource dependence. In low-carbon
systems, a larger part of the resource requirement shifts to the investment phase. This means
that metals such as copper, lithium, nickel, cobalt, aluminium, silicon and rare earth elements
become increasingly important for energy security. Copper is particularly strategic because it
is embedded in almost all electrification pathways.

4.2 Technological evolution of PV and implications for copper demand

PV technology is changing rapidly. Crystalline silicon remains dominant, while
monocrystalline technologies, n-type wafers, TOPCon, heterojunction cells, bifacial modules
and high-power modules are becoming increasingly important [4], [8], [9]. Fraunhofer ISE
indicates that crystalline silicon accounted for approximately 98% of PV production in 2024,
while n-type wafers represented approximately 70% of the market [4]. These trends indicate
that PV is not a static technology.

Higher module efficiencies and higher power ratings may reduce some material
requirements per unit of installed capacity. If fewer modules are required to achieve one
megawatt of capacity, then some parts of the balance of system may decrease per MW.
However, this effect does not automatically apply to all copper-containing components. Copper
demand depends heavily on electrical design, cable length, voltage architecture, inverter
configuration and grid connection.

The increasing use of bifacial modules and single-axis trackers may also affect system
design. Bifacial modules and trackers can improve energy yield and reduce levelised cost of
electricity, but they may increase system complexity and site-specific electrical requirements.
In utility-scale projects, wider land use, tracking systems and larger collection systems can
increase the role of cabling and electrical infrastructure.

Another emerging trend is the potential substitution of silver by copper in solar cell
metallisation. This could make copper more important not only in balance-of-system
components, but also within the PV cell and module manufacturing chain [11]. Although the
quantities involved at cell level may be smaller than plant-level electrical infrastructure, the
trend reinforces the strategic role of copper in the PV sector.

4.3 Copper reserves, production and supply-chain context

The USGS estimates global copper reserves at approximately 980 Mt and annual mine
production at about 23 Mt [5]. Major copper reserve holders include Chile, Peru, the
Democratic Republic of Congo, Australia, Russia, China, the United States and Poland. The
geological base is therefore large, but copper supply is constrained by the time and capital
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required to develop new mines, the quality and depth of deposits, environmental permitting,
water availability, social acceptance and refining capacity.

The distinction between reserves and resources is important. Reserves represent the
economically mineable part of identified resources under current technical and economic
conditions. Resources include broader geological potential, often classified as measured,
indicated or inferred depending on geological confidence. Therefore, comparing PV -related
copper demand with reserves provides only a first-order benchmark. It does not fully capture
future discoveries, changes in prices, technological innovation, mine depletion or permitting
constraints.

In a European context, Poland and KGHM Polska Miedz S.A. represent an important
example. USGS data indicate that Poland has approximately 31.05 Mt of copper reserves and
mine production of approximately 0.54 Mt in 2025 [17]. Public information also indicates that
KGHM is one of the most important copper producers in Europe and may supply a substantial
share of European copper demand [12]. This regional perspective is important because the
energy transition is not only a global material-flow issue, but also a question of industrial policy
and supply-chain security. For Europe, domestic and regional copper production, refining and
recycling may become increasingly important as electrification progresses.

4.4 Recycling and circular economy

Copper is highly recyclable and can be reused without losing its fundamental properties.
This gives copper an advantage over some critical materials with more complex recycling
pathways. However, high recyclability does not mean that recycling can fully replace primary
production. The availability of scrap depends on past consumption, product lifetime, collection
systems, sorting efficiency and recycling economics.

In the United States, copper recovered from old scrap and new scrap already contributes
significantly to total supply [5]. This shows that copper recycling is industrially mature.
Nevertheless, the rapid expansion of PV capacity creates a temporal mismatch: copper must be
supplied now to build new systems, while most of the copper embedded in PV installations
will only become available for recycling after decades of operation.

Therefore, recycling can reduce long-term pressure on primary mining, but it cannot fully
eliminate the need for new copper extraction during the rapid build-out phase. The best policy
response combines primary production, improved material efficiency, recycling, design-for-
disassembly and better management of end-of-life PV systems.

4.5. Policy implications

The results of the study indicate that copper should be included in strategic planning for
the energy transition. Policy frameworks should not focus only on generation capacity targets,
but also on the material requirements needed to achieve those targets. For PV, this includes not

only silicon, silver and aluminium, but also copper and grid-related materials.

The following policy directions are particularly relevant:
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integrating raw material demand into energy-transition scenarios;

improving data transparency on material intensity of PV systems;

supporting copper recycling and secondary raw material markets;

reducing permitting bottlenecks for responsible mining projects;

strengthening regional refining and processing capacity;

promoting material-efficient PV system design;

developing standards for reporting material intensity in energy infrastructure projects.

Without such measures, the expansion of PV and other electrification technologies may
create supply-chain constraints that delay the energy transition or increase its cost.

5 CONCLUSIONS

This study assessed global copper demand associated with photovoltaic development
through 2050 using a transparent scenario-based method. The calculation multiplied projected
increases in global PV capacity by selected copper intensity assumptions expressed in tonnes
of copper per megawatt.

Under the adopted DNV-type PV pathway, global installed PV capacity increases from
approximately 2 383 GW,, in 2025 to 20 600 GW,, in 2050. This implies additional PV capacity
of approximately 18 217 GW,,. Depending on the assumed copper intensity, this expansion may
require approximately 54.65 Mt Cu in the low scenario, 81.98 Mt Cu in the base scenario and
109.30 Mt Cu in the high scenario.

The comparison with current global copper supply shows that the base scenario
corresponds to approximately 3.6 years of current global mine production and approximately
8,4% of current global reserves. Therefore, PV development alone is unlikely to exhaust
geological copper reserves. However, it represents a major demand impulse that may intensify
pressure on mining, refining, recycling and electricity-grid supply chains.

The results highlight that copper demand for PV is strongly dependent on system
boundaries, technology development and balance-of-system assumptions. Higher module
efficiency may reduce some material requirements per MW, but larger utility-scale projects,
trackers, longer cable routes and grid-connection infrastructure may offset part of this
reduction. Therefore, future copper demand should be analysed using sensitivity ranges rather
than a single fixed intensity value.

From a policy and industrial perspective, the findings support the need to integrate raw
material planning with energy-transition scenarios. Copper recycling, responsible mining,
regional supply-chain diversification and material-efficient PV design will be essential to
reduce future supply risks. Future research should develop more detailed bottom-up models of
copper intensity in PV systems and integrate PV demand with copper demand from grids,
electric vehicles, wind power and energy storage.
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Ocena zapotrzebowania na miedz w odniesieniu
do rozwoju instalacji PV na Swiecie

Artykut przedstawia ocen¢ dtugoterminowego globalnego zapotrzebowania na miedz
wynikajacego z rozwoju systemoéw fotowoltaicznych do roku 2050. W badaniu zastosowano
ilosciowa metode scenariuszowg, analogiczng do analiz zapotrzebowania materiatowego
wykorzystywanych dla technologii magazynowania energii. Zapotrzebowanie na miedz
0szacowano poprzez przemnozenie prognozowanego przyrostu globalnej mocy zainstalowanej
PV przez przyjete warianty intensywno$ci zuzycia miedzi wyrazone w tonach miedzi na
megawat mocy PV. Jako punkt odniesienia przyjeto globalng moc PV raportowang przez
IRENA dla roku 2025, a nastgpnie zastosowano dlugoterminowa $ciezke rozwoju PV typu
DNV, zaktadajacg osiagnigcie 6,5 TW w 2030 r., 13,0 TW w 2040 r. oraz 20,6 TW w 2050 r.
W analizie przyjeto trzy warianty intensywnosci zuzycia miedzi: niski 3,0 ton Cu/MW, bazowy
4,5 ton Cu/MW oraz wysoki 6,0 ton Cu/MW. Wyniki wskazuja, ze dodatkowe moce PV
instalowane w latach 2025-2050 moga wymaga¢ okolo 54,65 milionéw ton miedzi w
wariancie niskim, 81,98 milionéw ton w wariancie bazowym oraz 109,30 milionéw ton w
wariancie wysokim. Odpowiada to odpowiednio okoto 2,4, 3,6 oraz 4,8-krotnosci obecnej
rocznej $wiatowej produkcji kopalnianej miedzi, a takze okoto 5,6%, 8,4% i 11,2% obecnych
globalnych rezerw. Wyniki wskazuja, ze sam rozwo6j fotowoltaiki nie wyczerpie geologicznych
zasoboéw miedzi, ale bedzie istotnym czynnikiem zwigkszajacym presje na wydobycie,
hutnictwo, recykling oraz bezpieczenstwo tancuchow dostaw.
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  ∆   C  P V t =   C  P V t −   C  P V t − 1


    D  C u , t = ∆   C  P V t   x     I  C u


    D  C u , 2050 =  ∑    D  C u , t


    S  p r o d =     D  C u , 2050    P  w o r l d
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