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Abstract: This study identifies unstable and soluble layers in commercial photovoltaic modules
during 1.5 year long-term leaching. Our experiments cover modules from all major photovoltaic
technologies containing solar cells from crystalline silicon (c-Si), amorphous silicon (a-Si), cadmium
telluride (CdTe), and copper indium gallium diselenide (CIGS). These technologies cover more than
99.9% of the world market. We cut out module pieces of 5 × 5 cm2 in size from these modules and
leached them in water-based solutions with pH 4, pH 7, and pH 11, in order to simulate different
environmental conditions. Unstable layers open penetration paths for water-based solutions; finally,
the leaching results in delamination. In CdTe containing module pieces, the CdTe itself and the
back contact are unstable and highly soluble. In CIGS containing module pieces, all of the module
layers are more or less soluble. In the case of c-Si module pieces, the cells’ aluminum back contact is
unstable. Module pieces from a-Si technology also show a soluble back contact. Long-term leaching
leads to delamination in all kinds of module pieces; delamination depends strongly on the pH value
of the solutions. For low pH-values, the time dependent leaching is well described by an exponential
saturation behavior and a leaching time constant. The time constant depends on the pH, as well as on
accelerating conditions such as increased temperature and/or agitation. Our long-term experiments
clearly demonstrate that it is possible to leach out all, or at least a large amount, of the (toxic) elements
from the photovoltaic modules. It is therefore not sufficient to carry out experiments just over 24 h
and to conclude on the stability and environmental impact of photovoltaic modules.

Keywords: leaching; long term; photovoltaic modules; delamination; solubility

1. Introduction

Photovoltaic (PV) modules are not a niche product anymore. The market started with
an installed capacity of 20 MW in the early 1990s and increased up to 635 GW of total
installed PV modules worldwide at the end of 2019 [1]. By assuming an average lifetime of
30 years, we have to deal with an increasing amount of waste from PV modules of up to
1.7 million tonnes until 2030 [2].

In principle, photovoltaics are a green technology; however, some PV modules contain
toxic elements such as lead in the solder ribbons and metalization pastes, or even worse,
such as in CdTe technology, the toxic elements Cd and Te in the photoactive layer itself.
Many modules using copper indium gallium diselenide (CIGS) also contain cadmium in
the so-called CdS buffer layer of the CIGS cells. This situation is mainly possible because PV
modules are still excluded from the EU Directive on the restriction of hazardous substances
(ROHS 2) in electrical and electronic equipment. This exclusion will remain until the next
review of the RoHS 2, which is planned for 2021 [3]. For all other electric and electronic
equipment (EEE) on the EU market, the tolerated maximum concentrations by weight in
homogeneous materials for lead (Pb) and cadmium (Cd) are 0.1% and 0.01%, respectively.
Clearly, in the case of the compounds CdS or CdTe, with 50% of the mass being Cd,
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the RoHS is not obeyed. However, also the technology of modules with crystalline Si cells
has a problem with RoHS, although it could easily be overcome by using cell connectors
without lead (usually, the solder contains about 40% lead) in the solder. The tiny amount of
Pb in the metallization pastes could be kept below the RoHS limits. In 2019, the amount of
lead-free metalization pastes in the case of silicon (Si) solar cells was only 30% [4]. At the
same time, the world market share of lead-containing solder for cell connectors was over
90% [4].

Most probably, photovoltaic modules, which contain toxic substances, are safe for the
users and the environment, at least as long as the modules are not damaged. Nevertheless,
what happens if modules are damaged? What happens at the end of their use? Are
they “donated” or “exported” like old cars, other old electronic equipment, and waste
to countries outside the EU? In the worst case, finally, wherever it may be, the modules
are crushed and/or discarded in landfills. What could happen with the toxic elements?
In fact, it is no longer a question if these substances are released into in the environment:
several studies proved they do and that the release depends on the pH-value of the leaching
solvents, as well as on the redox conditions [5–10]. A literature review can be found in [11].

Despite of all these studies [5–11], several questions are open: How are the toxic
substances released? What are the weak spots in the modules? Does leaching only occur in
the case of delaminated modules, i.e., in modules, that have lost the front glass? In this case,
in particular for thin film modules, it would be understandable that the toxic substances
are leached from, for example, the CdTe layers, which are no longer protected by the front
glass. Does it work the other way around: Are the thin layers leached from the edges of the
module (pieces) leading, finally, to delamination? Clearly, after delamination, the leaching
would then be accelerated even more, because the leaching solution is now able to attack
the thin layers not only from the edges, but also from the surface. Are there any potentially
accelerating parameters, like agitation or temperature, regarding the leaching?

The present contribution gives answers to most of these questions via a long-term
study. In contrast to previous work, our leaching tests are not only conducted over 24 h
as requested by standard leaching tests [12–15], but for more than 1.5 year; some of our
results are even taken after almost two years. Furthermore, we analyze not only eluted
amounts of toxic substances like cadmium (Cd) and lead (Pb), but also other elements
present in the module layers such as zinc (Zn), tellurium (Te), indium (In), gallium (Ga),
selenium (Se), aluminum (Al), molybdenum (Mo), and copper (Cu), to identify soluble and,
therefore, weak layers in PV modules. Parts of the experimental details were published
earlier in German [16]; some results about the leaching of Cd, Te, and Pb up to day 360
were published earlier by us [10]. We find, that, finally, the modules delaminate because of
the leaching from the edges of the module pieces. In all kinds of modules, at least one of the
layers of the different cell types represents a weak path for the leaching. In the case of CdTe
module pieces, the CdTe layer itself and the Mo contact are soluble. In the case of CIGS
module pieces, the Zn front contact, the Mo back contact, and the Cd-containing buffer
layer are susceptible to strong leaching. For crystalline silicon module pieces, the Al back
contact is a weak spot; for amorphous silicon (a-Si) module pieces, also the back contact
(Ni) and the intermediate layer containing Zn are identified as weak spots.

Section 2 of the present contribution describes the sample preparation and the leaching
conditions and shows how we determine the total amount of elements within each type
of our investigated solar modules. Section 3 presents our leaching results. We measured
for more than 1.5 years, not only at room temperature, but also at increased temperature,
as well as under accelerated leaching conditions. The leaching time constant depends on
the module type, as well as on the leaching conditions. Section 4 identifies the weak spots
for each particular module type. Section 5, finally, concludes that the amount of leached
out elements after 1.5 years in some cases exceeds the value after one day by more than two
orders of magnitude. Thus, leaching experiments, which are just carried out over one day,
are valuable. However, statements about the stability and environmental noxiousness of
photovoltaic layers are highly questionable when based on such short-term measurements.
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2. Materials and Methods
2.1. Sample Preparation and Experimental Conditions

For cutting the module pieces with well-defined sizes and edges, we applied water jet
cutting to get samples from the four major commercial PV technologies: crystalline silicon
(c-Si), amorphous silicon (a-Si), cadmium telluride (CdTe), and copper indium gallium
diselenide (CIGS). The module pieces are cut in a way that all module pieces contained at
least one solder ribbon, but no parts of the frame, module boxes, or cables. The sample size
of the module pieces for the leaching experiments was 5 × 5 cm2.

The leaching experiments were carried out under three different conditions, in order
to identify potential accelerating conditions:

• Room temperature TRT = 25 ◦C, no agitation;
• Room temperature TRT = 25 ◦C, with agitation (orbital shaking with rotational speed

n = 100 min−1);
• Increased temperature TIT = 40 ◦C, with agitation (orbital shaking with rotational

speed n = 100 min−1).

For all experiments, we used high-density polyethylene (HDPE) bottles supplied with
the leaching solution with a 1000 mL volume and two pieces from the very same module;
see also [10]. The samples were not fixed in the bottles, and the bottles were lightproof.
From earlier experiments (not presented here), we know that light accelerates leaching.
However, light leads also to the production of alga, in particular for the long leaching
times we are using. Alga production changes the experimental conditions and makes the
leaching experiments less reproducible. Therefore, for the experiments presented here, we
decided to use lightproof bottles. In order to increase the significance and validity of our
experiments even more, each experiment was conducted in triplicate (this means three
bottles, each one filled with two samples) for every condition. The leaching data, i.e., the
concentration of a particular element in the solutions, are given as the mean value of the
probes taken from the three bottles.

The leaching solutions with three different pHs covered the pH range of different
environmental conditions that might occur in rain, groundwater, or waste disposal sites;
their exact chemical composition and pH are shown in Table 1. All leaching solutions were
base on deionized (DI) water. Over the whole 1.5 years of the experiments, the pH and
the oxidation/reduction-potential EH remained almost constant. Data for EH , following
DIN38404-6, stemmed from measurements with a platinum electrode against a silver/silver
chloride reference (Ag/AgCl). The concentration of potassium chloride cKCl = 3 mol/L
was T = 25 ◦C; we converted the data to a potential against a standard hydrogen elec-
trode [17].

Throughout the leaching experiments, starting after 0.5 days, we periodically took
15 mL samples from the leaching solutions in the bottles and analyzed them for the leached
out elements. After taking the probe, we pored in again fresh solution of 15 mL to keep the
1000 mL volume. All data were corrected for the amount of elements that were taken out
from the solution due to sampling.

Table 1. Composition of leaching solutions with pH-values of 3, 7, and 11 used in the experiments
and the measured reduction potential EH ; the same conditions as in [10]. (Copyright (2017) The
Japan Society of Applied Physics, reproduced with permission).

pH EH (V) Chemical Composition

3 0.62 15.4 g/L C6H8O7,
2.8 g/L Na2HPO4, DI water

7 0.56 3.7 g/L KH2PO4,
5 g/L Na2HPO4, DI water

11 0.33 0.04 g/L NaOH, DI water
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2.2. Heavy Metal Analysis and Determination of Initial Metal Content in Module Pieces

We characterized the samples that were taken from the leaching solutions with in-
ductively coupled plasma mass spectrometry (ICP-MS) and give the data for the leached
elements according to ISO 17294-2 [18]. This method is only able to measure dissolved
substances; it cannot detect precipitations in the solution. Therefore, the elements in the
precipitates were not counted as leached.

Here, we always give the amount of leached out elements as a percentage with respect
to the total amount of elements that were in the original module pieces. Therefore, we had
to measure the total mass of those elements in the module pieces before the experiment.
For that purpose, similar module pieces as those for the experiments were milled to a
powder. Then, the powder was digested by adding acid and oxidizing agents and, finally,
using microwave irradiation. After that, the digested samples underwent the ICP-MS
analysis, similar to our earlier experiment [10]. For each PV technology, and for all the
elements analyzed, Table 2 shows their mass Mtotal that was contained in the original
reference module pieces.

Table 2. Elemental mass Mtotal in the 5 × 5 cm2 module pieces for crystalline silicon (c-Si), amorphous
silicon (a-Si), cadmium telluride (CdTe), and copper indium gallium diselenide (CIGS). The data
represent mean values and the standard deviation from three measurements.

Element c-Si a-Si CdTe CIGS
(mg) (mg) (mg) (mg)

Zn 0.9 ± 0.4 16.1 ± 3.1
Cd 13.9 ± 0.9 0.2 ± 0.002
Te 15.6 ± 1.1
In 14.1 ± 4.3
Ga 0.7 ± 0.1
Se 6.7 ± 1.3
Al 167 ± 40 196 ± 27 289 ± 63 280 ± 190
Mo 12.7 ± 1.7 5.0 ± 0.2
Cu 254 ± 15 130 ± 14 80 ± 11 146 ± 5.7
Ni 1.0 ± 0.1
Pb 16.7 ± 0.8 2.4 ± 0.3

2.3. Mass Balancing at the End of the Leaching Experiments

During the leaching experiments, the total mass:

Mtotal = Mdiss + MMP + MFR (1)

of a particular element is the sum of the following masses: the amount Mdiss dissolved in
the solution, the remaining mass MMP within the module pieces, and the mass MFR that
precipitated in the bottles of the solution. Clearly, at the end of the leaching experiment, the
total mass, determined by Equation (1) should equal the masses in Table 1. We measured
the mass MFR in the following way: First, the module pieces were removed from the
bottles, and then, the solution was filtered using vacuum filtration with a cellulose nitrate
membrane filter with a pore size of 0.45 µm. The mass MMP was measured in the same way
as the total mass of the elements in one module piece, as described previously. To measure
the mass of the filter residue MFR, we digested the filter residue together with the filter
by applying a microwave enhanced oxidative digestion. Again, ICP-MS measured these
samples, and the measurement of the cellulose nitrate membrane filter itself (blank value)
ran in parallel. Subtracting the blank values for the filter, we calculated the amount of each
element in the filter residue.
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3. Results
3.1. Delamination of Module Pieces

One focus during long-term leaching in water-based solutions lies in the occurrence
of delamination. In order to simulate field conditions, in a first series of experiments, we
did not use any accelerating leaching parameters for the module pieces for analyzing the
delamination (Figure 1a). Delamination, in this study, is defined as a separation between
all kinds of module layers, not only between the encapsulation layer, often ethylene vinyl
acetate (EVA) foil, and the glass. The delamination was determined by visual examination.

Figure 1. Amount of delaminated module pieces from crystalline silicon (c-Si), amorphous silicon (a-Si), cadmium telluride
(CdTe), and copper indium gallium diselenide (CIGS) depending on the pH value of the water-based solution after
1.5 years for the three different experimental conditions: (a) TRT = 25 ◦C, no agitation, (b) TRT = 25 ◦C, with agitation, and
(c) TIT = 40 ◦C, with agitation.

After 1.5 years of leaching, we observed delamination in all kinds of PV module pieces:
c-Si, a-Si, CdTe, and CIGS. The probability of delamination depends on the pH value of the
solutions and the experimental conditions. In the case of c-Si module pieces, we always
observed 100% delamination, independent of the pH-value, temperature, and agitation: in
all aqueous solutions and for all module pieces, delamination occurred. However, in this
case, delamination occurred via the EVA layer, and the type differed from the delamination
type of thin film module pieces (via thin layers), as discussed later. Delamination of a-
Si module pieces only happened in aqueous solutions with pH 3, and only 30% of the
module pieces were affected. The agitation (Figure 1b) and also the temperature (Figure 1c)
had no accelerating effect on the delamination. In fact, during the leaching experiments
with TIT = 40 ◦C plus agitation, no delamination of a-Si module pieces was found. The
highest amount of delamination in the case of CdTe module pieces occurred in acidic
water-based solutions. For this type of module, the increased temperature weakly affected
the delamination, as shown in Figure 1c. At room temperature, no delaminated CdTe
module pieces were observed in the solutions with pH 11, whereas in neutral solutions,
only 17% of the module pieces showed delamination. The pH dependence held also for
the CIGS module pieces. In pH 3 solutions, the highest amount of delamination occurred
with 67% of the module pieces. In pH 7 solutions, the amount of delaminated module
pieces was still 50%. In alkaline solutions with pH 11, no delamination was observed with
agitation or with increased temperature.

We classified all these delaminations into three different types: (i) Total separation:
Here, the front side is clearly separated from the rear side. This delamination occurs in
case of CdTe and a-Si module pieces. Figure 2a shows a scheme of this delamination
type. (ii) Fractional separation: Here, only parts of the rear or front side are separated.
The major part of the module compound is still intact. This type of delamination takes
place for CIGS module pieces and for c-Si module pieces when leached in solutions with
pH 11. The scheme is shown in Figure 2b. (iii) Blistering: Figure 2c shows this third
type of delamination. Blistering occurs between either the front glass and the EVA foil, or
between the EVA foil and the solar cell, but there is no complete separation. This type only
occurs in c-Si module pieces.
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Figure 2. Different types of delamination during the leaching process: (a) Total separation (observed for CdTe and a-Si
module pieces). The front side is completely separated from the rear side. (b) Fractional separation (observed for CIGS and
c-Si module pieces). Only small parts of the rear side are separated; the major part of the module structure is still intact.
(c) Blistering (only observed for c-Si module pieces). Bubble formation emerges locally on the front side of c-Si module
pieces, either between glass and EVA or between EVA and solar cell depending on the pH. In this case, no separation occurs
between the front and the rear side.

Total separation: Figure 3a–d shows photographs of the front and the rear side of
a 5 × 5 cm2 CdTe module piece before and after 1.5 years of leaching. Before leaching
the CdTe module piece, the integrated series connection of the cells is visible (see the
horizontal lines) on the front side (Figure 3a) and also on the rear side (Figure 3b). On the
rear side, one sees also the solder ribbon. Only the rear side glass of the module piece
shows cracks caused by the water jet cutting. The breakage pattern of this glass indicates
that heat-strengthened glass is used as the rear side glass. Figure 3c,d shows the front and
the rear side of a CdTe module piece after the leaching process of 1.5 years in solutions with
pH 3. Apart from a few parts, the module material disappeared completely. The solder
ribbon is still attached to the rear side glass by an insulating tape. After this long-term
leaching, the front and the rear side glasses are no longer connected to each other, but
totally separated. For a-Si module pieces, the same type of delamination is observed.

Figure 3. Photographs of (a) the front and (b) the rear side of a 5 × 5 cm2 CdTe module piece before
leaching. On the rear side, the solder ribbon and the interconnection of cells are visible. (c) Front
side of the module piece after leaching over 1.5 years in solutions with pH 3. Apart from a few
visible remaining parts, the module material disappeared. (d) Rear side of the module piece after
the leaching. The solder ribbon with the insulating tape is visible and also some parts of remaining
layers. After 1.5 years of leaching, the front and the rear side glasses are no longer attached to each
other; total separation occurs.
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Fractional separation: Figure 4a–d shows photographs of the front and the rear side
of a 5 × 5 cm2 CIGS module piece before and after 1.5 years of leaching: parts of the rear
side are separated. Both glasses, the front and the rear side glass, show cracks due to the
water jet cutting. Figure 4c shows a photograph of the front side after 1.5 years of leaching
in solutions with pH 3. From the front side, a few transparent spots around the edges
are visible. From a more detailed look at the back side of the module piece (Figure 4d), it
becomes clear that at the transparent spots, parts of the rear side glass are missing, together
with the back contact and the active module layers. Therefore, only the transparent front
glass remains.

Figure 4. Photographs of (a) the front and (b) the rear side of a 5 × 5 cm2 CIGS module piece before
leaching. On the rear side, the edge sealing tape with the solder ribbon below is visible. In the front
glass, as well as in the rear side glass, cracks are recognizable; they stem from the water jet cutting.
(c) Front side after leaching for 1.5 years in pH 3 solution. (d) Rear side after leaching. Parts of the
rear glass are missing, together with the back contact and the active layers. Only the transparent
front glass remains.

Blistering: Figure 5a shows a photograph of a c-Si module piece of 5 × 5 cm2 in size
after 1.5 years of leaching in pH 3 solution. In this case, local bubble formation takes place
between the solar cell and the EVA foil, especially around the solder ribbon, but no total
separation is observed. In solutions with pH 11, delamination between the EVA foil and
the front glass appears across extended areas (Figure 5b). A few parts of the glass are
separated, and the exposed EVA foil with the solar cell below remains. Due to delamination,
the textured structure of the front glass becomes visible. The breakage pattern of the glass
matches the pattern known for tempered glass. The rear side of the c-Si module pieces
(white backsheet) shows no changes caused by leaching. Only for this PV technology,
the occurrence of delamination, i.e., blistering, does not depend on the pH value of the
leaching solution. Module pieces leached in pH 7 solutions also show blistering. Blistering
takes place at both locations: between the solar cell and the EVA foil, as well as between
the EVA foil and the front glass.
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Figure 5. Photographs of c-Si module pieces with 5 × 5 cm2 after 1.5 years of leaching in solutions
with (a) pH 3 and (b) pH 11. In solutions with pH 3, a local bubble formation occurs between the solar
cell and the EVA foil, preferably around the solder ribbon. In solutions with pH 11, a delamination
between the EVA foil and the front glass appears across extended areas. A few parts of the glass are
separated, and the exposed EVA foil with the solar cell below remains.

3.2. Leaching Results

The previous figures, as well as our previous experiments on milled module pieces [8]
give the proof for severe leaching for all module technologies. In the following, we present
detailed results on the elements that were leached out from module pieces of 5 × 5 cm2

in size. In a first publication [10], we presented preliminary leaching data for Cd, Te, and
Pb only and until Day 360, i.e., about one year. In contrast, here, we extend our study
to 1.5 years and include many more other elements. This gives us the chance to identify
possible weak spots and the leaching paths in the modules. In detail, we measure the
amount of the following elements in our water-based solutions of Table 1 with different
pH-values: Zn, Te, In, Ga, Se, Al, Mo, Cu, Cd, and Pb. The non-toxic element Si, which is
contained in the modules’ cells from crystalline, as well as from amorphous silicon, is not
measured, simply because the module glass itself also contains high amounts of Si. Our
measurement conducted by ICP-MS cannot distinguish between Si from the cells and from
the glass of the modules.

3.2.1. CdTe Module Pieces

Figure 6a shows the common structure of a CdTe module including the front glass
and front contact (usually tin oxide (SnO2)), the buffer layer cadmium sulfide (CdS),
the photoactive layer CdTe, the Mo back contact, the encapsulant EVA, and finally, the rear
side glass. The typical thickness of each layer is also given [19–21]. CdTe modules are
mostly fabricated in a superstrate configuration: the production process starts with the
front glass, on which the transparent front contact SnO2 is deposited. We used commercial
CdTe-modules for the preparation of the module pieces and measured the amount of
eluted elements with the above discussed ICP-MS method. Therefore, we are not able to
distinguish between the Cd from the CdS buffer layer and the Cd from the photoactive
CdTe film.

Figure 6b–d shows the time-dependent leaching of the elements Cd, Te, and Mo in
water-based solutions with pH 3, pH 7, and pH 11; see also [10] for the leaching results
of Cd and Te until Day 360. These results stemmed from experiments at TRT = 25 ◦C
without agitation. In all solutions, the amount of leached elements increases with time,
but with different leaching rates for different pHs of the solutions. At the early beginning
of leaching, Mo from the back contact leaches out with the highest amount, followed by Cd.
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Tellurium leaches the least. Thus, already from this observation, it becomes clear that the
Mo layer is a weak spot in the case of the CdTe module. After approximately 300 days of
leaching, the concentration of Te increases dramatically and approaches the eluted amount
of Cd and Mo. Around this time of leaching, delaminations are observed. After 1.5 years,
the concentrations of eluted Cd and Mo related to the total amount in the module piece
in acidic solutions (pH 3) reach cCd ≈ 92% and cMo ≈ 88%. The amount of eluted Te is
cTe ≈ 54%.

Figure 6. (a) Schematic structure of a typical CdTe module (not drawn to scale) and (b) time-
dependent leaching results of the elements Cd, Te, and Mo from CdTe module pieces in acidic
aqueous solutions with pH 3 and (c) in solutions with pH 7 and (d) pH 11.

Figure 6c shows the leaching in water-based solutions with pH 7. Here, the concen-
trations of eluted Cd, Mo, and Te, finally, after 1.5 years, reach cCd ≈ 4, 5%, cMo ≈ 19%,
and cTe ≈ 7.8%, respectively. In this case, the leaching of Cd and Te shows the same
time-dependent leaching behavior. The large standard deviations for Te appearing after
approximately 300 days of leaching are due to the delamination of one module piece out
of three experimental runs. Clearly, after delamination of this particular module piece,
substantially higher amounts are leached out, because the leaching solution is able to
directly attack the CdTe layers from the surface. Therefore, we observe substantially higher
amounts of eluted Te and slightly higher amounts of Cd for this one out of the three experi-
mental runs. The leaching of Mo is highest from the beginning to the end and comparable
to the leaching amounts of Cd and Te.

Figure 6d presents the leaching data for pH 11. Here, at the end of the experiment,
the amount of eluted Mo is still high with cMo ≈ 34%. The measured concentration of Te is
below 1% after 1.5 years, and the amount of leached Cd is the lowest. In solutions with
pH 11, the time-dependent leaching rates of Cd and Te are much lower compared to the
leaching rates in solutions with pH 7 and pH 3. For all conditions, the leaching rate of Mo
is always higher than the one of Cd and Te. This indicates again that, in the case of CdTe
modules, the Mo back contact is a weak spot.
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The leaching results in Figure 6b–d clearly demonstrate an enormous difference
between the leaching concentrations after one day and after the 1.5 years. For example,
the Cd-elution in pH 3 at the end of the experiment reaches almost 100%, whereas it is
only about 1 % after one day. For pH 3 and pH 7, the eluted concentrations increase
approximately linearly with time: a one order of magnitude increase (on the log-scale) of
the time leads to a one order of magnitude higher concentration (on the log scale) of the
concentration. For pH 11, the data approach a square root dependence with time: it needs
a two orders of magnitude increase on the time scale for a one order of magnitude increase
on the concentration scale.

Figure 7 shows the ratio RCd:Te of dissolved Cd to dissolved Te from leaching CdTe
module pieces in solutions with pH 3, pH 7, and pH 11. For leaching solutions with pH 3,
the value of RCd:Te is not constant over the leaching time. At the beginning of leaching,
RCd:Te is highest with 35:1, but with time, it approaches RCd:Te ≈ 1. For neutral solutions
with pH 7, RCd:Te ≈ 1 and is almost constant over time. The same behavior applies for
leaching in alkaline solutions, but with RCd:Te ≈ 0.1. This means that more Te is dissolved
in the solutions.

Figure 7. Ratio RCd:Te of dissolved Cd to dissolved Te from leaching CdTe module pieces in solutions
with pH 3, pH 7, and pH 11.

3.2.2. CIGS Module Pieces

Figure 8a shows a schematic cross-section through a CIGS module, composed of the
front glass with EVA, the front contact (usually consisting of aluminum-doped zinc oxide,
ZnO:Al), a buffer layer of CdS, the absorber layer Cu(In, Ga)Se2, and a thin interfacial
layer of MoSe2 between the substrate glass and the CIGS. The MoSe2 is formed by a
reaction between the Mo and the Se atmosphere during the deposition of the Cu, In,
and Ga [22]. CIGS modules are built in a substrate configuration. The fabrication starts
with the deposition (sputtering or evaporation) of Mo on the rear glass. Then, the CIGS is
deposited, mostly by co-sputtering or thermal evaporation of the constituent elements, Cu,
In, and Ga in a Se atmosphere.

Figure 8b shows the leaching data for Zn, Cd, Mo, Cu, Ga, and In in pH 3 solutions.
At the beginning of leaching, Zn from the front contact shows the highest amount with
cZn ≈ 1% already after one day; finally, we observe cZn ≈ 62% after 1.5 years. Furthermore,
already after one day, certain amounts of Mo from the back contact and In from the absorber
layer are measurable in the solutions. Other elements, like Cd, Cu, and Ga, are detected
later on. The leaching rates of each element differ in absolute values, but show a similar
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time dependence. The leaching of the Mo from the CIGS module pieces differs from the
data for Mo from CdTe module pieces (see Figure 6b). The Mo from CdTe module pieces
seems to be more soluble, in particular for acidic solutions. The difference probably results
from the formation of MoSe2 at the back side of the CIGS films.

Figure 8c shows the leaching of Zn, Cd, Mo, Cu, Ga, and Se in pH 7 solutions. Indium
is not detected in the solution with pH 7. The leaching of Zn for this pH is lower than
that for pH 3, and so is the concentration after 1.5 years. In solutions with pH 11, we
only find Mo, Ga, and Se with low concentrations in the solutions, as shown in Figure 8d.
The leached Mo is lowest for pH 11 compared to the data from solutions with pH 3 and
pH 7. In the case of CIGS module pieces, comparable to CdTe, the Mo back contact is a
weak spot, but also the front contact Zn and the buffer layer Cd.

Figure 8. (a) Schematic structure of a typical CIGS module (not drawn to scale) and (b) time-
dependent leaching results of the elements Zn, Cd, Mo, Cu, Ga, and In from CIGS module pieces in
acidic aqueous solutions with pH 3 and (c) in solutions with pH 7 and (d) pH 11. In leaching solutions
with pH 11, the concentrations of the elements Cd, Zn, Cu, and In are below the detection limit.

3.2.3. c-Si Module Pieces

Figure 9a shows a schematic cross-section through a classic c-Si module, consisting of
a front glass with EVA, a silver front contact grid with contact fingers and busbars, and
the silicon solar cell with a screen printed aluminum back contact and screen printed Ag
contact pads (not drawn in the scheme). In contrast to thin film modules, instead of a
rear glass, most c-Si modules have a backsheet and a second EVA sheet at the rear side.
Figure 9b,c shows the leaching data for Al and Pb for pH 3 and pH 11 (see also [10] for the
leaching results of Pb until Day 360). In the case of pH 7, the concentrations of Al and Pb
are below the detection limit, which is 500µg/L for Al and 20µg/L for Pb. The eluted Pb
stems either from the solder ribbon, which is not shown in the schematic cross-section, or
from the screen printed metallization. For pH 3, the amount of leached Pb remains constant
and below 0.1% until Day 241. After this time, the concentration increases dramatically up
to cPb ≈ 3.7% after 1.5 years. The concentration of Al reaches cAl ≈ 27% after 1.5 years in
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the acidic solution. In contrast, for the alkaline solution with pH 11, the concentrations of
Al and Pb are significantly lower, as shown in Figure 9c. In both cases, the leaching rates of
Al are orders of magnitude higher than the ones for Pb. Thus, in the case of c-Si module
pieces, the Al contact, which is screen printed and fired into the back side, makes up the
weak spot and opens the path for leaching.

Figure 9. (a) Schematic structure of a typical c-Si module (not drawn to scale) and (b) time-dependent
leaching results of Al and Pb from c-Si module pieces in acidic aqueous solutions with pH 3 and
(c) in solutions with pH 11. In leaching solutions with pH 7, the concentrations of Al and Pb are
below the detection limit.

3.2.4. a-Si Module Pieces

The common structure of an a-Si module is shown in Figure 10a. Amorphous silicon
modules typically consist of a front glass with the front contact layer (SnO2 is mostly used),
the photoactive p-i-n layer from a-Si, followed by an intermediate layer consisting of ZnO
and Ag, the back contact with a combination of Ni and Cu, and the encapsulant with the
rear glass [23]. Similar to the production of CdTe modules, a-Si modules are built in a
superstrate configuration, starting with the deposition of the front contact directly on the
front glass. Figure 10b,c shows the concentrations of eluted Zn, Cu, and Ni in the solutions
with pH 3 and pH 7. Unfortunately, we do not have any data about Ni before Day 388 of
leaching. In leaching solutions with pH 11, the concentrations of Zn, Cu, and Ni are below
the detection limits. For the other pH-values, we are able to present data: Zn, which stems
from the intermediate layer, shows strong leaching with concentrations up to cZn ≈ 90%
after 1.5 years of leaching in the acidic pH 3 solution. The concentration of eluted Ni lies in
the same range, whereas the concentration of Cu is cCu ≈ 7.5%. In aqueous solutions with
pH 7, the elements Zn, Ni, and Cu leach only in minor amounts. The elements Zn, Cu, and
Ni are leached out linearly with time, but with different rates depending on the element
itself, as well as on the pH of the solution. In all cases, the leaching of the Zn is highest,
and therefore, we identify the ZnO layer as a weak spot in a-Si module pieces.
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Figure 10. (a) Schematic structure of a typical a-Si module (not drawn to scale) and (b) time-
dependent leaching results of Zn, Cu, and Ni from a-Si module pieces in acidic aqueous solutions
with pH 3 and (c) in solutions with pH 7. In leaching solutions with pH 11, the concentrations of Zn,
Cu, and Ni are not measurable according to the detection limit.

3.3. Accelerating Leaching Parameters for Cd from CdTe Module Pieces

All of the experiments considered so far were performed without any acceleration,
for example, by elevated temperatures or stirring/agitation. Figure 11a,b compares the
data for Cd, leached out from CdTe module pieces, for the three different pH-values and
with/without agitation. Apart from the tests at TRT = 25 ◦C, we also used additional
agitation and solutions at an elevated temperature TIT = 40 ◦C. All test series ran in
parallel. Figure 11a shows the results after t = 1 day and Figure 11b after t = 416 days.
The comparison of the two figures again underlines the dramatic difference in the leaching
results after one day and after more than a year. Therefore, standard leaching experiments,
which are only carried out over one day, are more or less meaningless, when one aims at
judging the toxicity of CdTe modules. Furthermore, after just one day (see Figure 11a),
additional agitation and/or elevated temperatures only slightly increase the amount of
eluted Cd, even if for pH 3 solutions. In contrast, in particular for pH 7, increasing the
temperature from TRT = 25 ◦C to TRI = 40 ◦C results in five times stronger leaching.
Leaching in pH 11 solution triples the leaching of Cd for the same temperature increase.
In contrast, in the case of agitation, we are not able to detect any Cd in the alkaline solutions
after one day. In the case of pH 3, for all experimental conditions, after t = 416 days,
the amount of eluted Cd in acidic solutions reaches almost 100%. In the case of the
neutral pH 7 solutions, the final data all lie in the same range of 2% < cCd < 4%. After
416 days, the eluted Cd reaches saturated values. Therefore, as shown in Figure 11b, there
is almost no or only minor differences between the data with and without additional
accelerating parameters.
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Figure 11. Dramatic difference between the leaching data after one day and more than a year of Cd out of CdTe module
pieces. (a) Amount of eluted Cd from CdTe module pieces after t = 1 day in solutions of pH 3, 7, and 11 and different
leaching conditions: with/without agitation and increased temperature TIT = 40 ◦C plus agitation. For all conditions,
after one day, the Cd concentration ranges below 1%. (b) Amount of eluted Cd from CdTe module pieces after t = 416 days.
For pH 3, almost 100% of the Cd is leached out. For pH 7, still several percent are leached out. This finding raises the
question of the meaningfulness of judging the toxicity of CdTe containing modules with tests that are carried out for one
day only.

3.4. Analysis of Time Dependence

To get a better understanding of how the different leaching conditions affect the time-
dependent leaching, we fit the measured concentration C(t) at the time t to an exponential
model according to:

C(t) = Cmax(1 − e−
t
τ ), (2)

where Cmax is the maximum, final concentration dissolved in the solution and τ is the
leaching time constant. The leaching time constant represents the time for the concentration
to reach 63% of its final value as a measure of leaching velocity. For times t � τ, the Taylor
expansion of Equation (2) yields a linear behavior according to:

C(t) = Cmax
t
τ

. (3)

Indeed, in almost all of our experiments, if not disturbed by delamination effects, we
see the linear time dependence predicted by Equation (3) and the saturation predicted
by Equation (2). Equation (3) is the direct consequence of the number of atoms (Cd)that
are leached per unit time, being directly proportional to the number of atoms that are
still available for etching. Such an approach always leads to an exponential function such
as Equation (2). However, not only delamination (which is expected to accelerate the
leaching), but also other effects such as the formation of surface layers (see our work [24]),
diffusion limitations, and/or the formation of precipitates could result in deviations from a
behavior following Equations (2) and (3). For a diffusion limited leaching on a thin layer,
one would observe a square root dependence, as discussed in [24]. This might be the case
for some of the data here, in particular for pH 11.

Most of experimental data, in particular for pH 3 and pH 7, show an excellent agree-
ment with the linear behavior, predicted by Equation (3) for time t � τ, as well as for the
saturation behavior, Equation (2). As an example, Figure 12a–c shows the time-dependent
leaching of Cd from CdTe module pieces in solutions with pH 3 for the three different leach-
ing conditions. The data are excellently fit with coefficients of determination R2 ≥ 0.96.
Figure 12d–f shows the leaching data of Cd in solutions with pH 7. The dotted lines
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represent the calculated fit according to Equation (2). The dashed lines show the calculated
maximum Cd concentration Cmax in the solutions; the time constants τ are also given.
Modifications to the leaching conditions lead to accelerated leaching with a shorter time
constant τ: For example, increasing the temperature to TIT = 40 ◦C, as shown in Figure 12c,
leads to a time constant that is only a third of the value at TRT = 25 ◦C. In contrast to the
time constant, the Cmax-value is almost independent of the leaching conditions in pH 3
solution; it holds Cmax ≈ 100%. Figure 12d shows the leaching data for pH 7 at TRT = 25 ◦C
without agitation; we find τ = 210 days. After this time t = τ, a value of 63% of the
maximum Cd concentration is reached, which is estimated to be Cmax = 4.8%. Modified
experiments slightly decrease the maximum concentration, which we explain by the large
standard deviations at the end of leaching, caused by the delamination of module pieces.
Additional agitation decreases the time constant to τ = 80 days (Figure 12e); increased
temperature yields τ = 20 days (Figure 12f), i.e., four-times faster leaching.

The excellent fits of our leaching data for pH 3 and pH 7 to Equations (2) and (3) show
also that in this case, the leaching is not limited by any diffusion processes, which might
take place inside or on the surface of the CdTe layers (this statement holds also for the
experiments on all other cell technologies). This behavior is in contrast to our results on
the leaching of milled module pieces, which were reported in a separate publication [24].
There, the model for the small spherical CdTe particles, with sizes below one millimeter,
predicts a power law, with leaching data following a dependence on time t according to
t0.43. Indeed, in [24] we observed this behavior for the small particles also experimentally.
Due to the different size and geometry of the samples, the leaching from the flat plates
of module pieces as presented here, at least for pH 3 and pH 7, follows a different time
dependence, which, for short times compared to the leaching time constant, is t1.0, as,
for example, shown in Figure 6b,c.

Figure 12. Leaching of Cd from CdTe module pieces in solutions with pH 3 at (a) TRT = 25 ◦C, (b) at TRT = 25 ◦C with
agitation, and (c) at TIT = 40 ◦C with agitation. Eluted Cd in solutions with pH 7 at (d) TRT = 25 ◦C, (e) at TRT = 25 ◦C with
agitation, and (f) at TIT = 40 ◦C with agitation. The dotted lines represent the calculated fit according to Equation (2) with
high coefficients of determination R2. The dashed lines show the calculated maximum concentration Cmax in the solutions.

Figure 13a shows the leaching time constant τ for pH 3 and pH 7: A higher temperature
results in faster leaching. In our study, TIT = 40 ◦C is used, which is a common temperature
PV modules reach when exposed to sunlight; on hot summer days, the temperatures are
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even higher. In solutions with pH 7, the change in the leaching time constant due to
varied conditions is even stronger. In contrast to a different τ, Figure 13b shows that the
maximum concentration Cmax of eluted Cd remains nearly constant and independent of
modifications to the leaching conditions. However, the value Cmax highly depends on the
pH of the leaching solution: it holds Cmax ≈ 100% for pH 3 and Cmax ≤ 4.8% for pH 7.
The lower Cmax for pH 7 is explained by the formation of cadmium hydroxide in neutral
solutions. This compound is not soluble and therefore not detected by our measurement
method ICP-MS.

Figure 13. Calculated fit parameters for the leaching of Cd from CdTe module pieces under different conditions. (a) Leaching
time constant τCd for solutions with pH 3 and pH 7. (b) Maximum concentration Cmax for the same conditions as in (a).

3.5. Mass Balance for CdTe Module Pieces

Figure 14 shows the distribution of the mass fractions for the elements Cd, Te, and
Mo from CdTe module pieces leached for 700 days at TRT = 25 ◦C without agitation: the
dissolved amount in the solution Mdiss, the remaining mass in the module piece MMP after
the leaching process, and the mass of the filter residue MFR with particles bigger than
0.45 mm. There are strong differences between the leaching behavior for pH 3 and pH 11:

pH 3: Almost all Cd, Te, and Mo from the module pieces is found in the mass Mdiss
of dissolved elements. In particular, for Cd, almost nothing remains in the module piece
(mass MMP) or is found in the mass MFR of precipitates.

pH 11: Almost all Cd and Te still remain in the module pieces and are represented
by the mass MMP. Only in the case of Mo, a part of the Mo is measured in the solution as
Mdiss.

Mass loss for Te and Mo: The sum of the masses in the solution, filter, and module
pieces measured after the leaching should reach 100% of the value before the leaching.
However, for Te and Mo, the sum of the measured values after leaching is below 100%.
The relatively small amount of missing mass is termed MRest in Figure 14. We explain
the difference by the milling process for the determination of the remaining mass MMP
in the module piece. For a few samples, the milling process did not completely crush the
encapsulation. The Mo back contact has a strong adhesion to the encapsulant. Therefore, it
seems possible that not all Mo material was digested. There might also be a material loss
during the filtration process, either when drying the filter afterwards, or due to particles
remaining in the HDPE bottles despite carefully repeated rinsing.
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Figure 14. Mass balance of the CdTe module piece after 700 days in leaching solutions with (a) pH 3 and (b) pH 11 at
TRT = 25 ◦C without agitation. In solutions with pH 3, the largest fraction of Cd, Te, and Mo is dissolved and found as
Mdiss; only a small fraction MMP remains in the module pieces. No Cd-particles (mass MFR) are measured within the filter
residue, whereas for Te and Mo, a small part is found in the residue. In solutions with pH 11, the major part of the elements
Cd and Te remains in the module piece and is not leached out. Molybdenum is also measured in the solution.

4. Discussion

The combination of leaching experiments and the observation of delamination yields
the following major insight: In the case of thin film modules (CdTe, CIGS, and a-Si), the de-
lamination is the consequence of the high solubility of one or more thin layers of the
modules’ cells. They form a path for the attack of the water-based solutions. In contrast,
in the case of modules containing cells from crystalline silicon, the cell’s Al back contact is
highly soluble, but not responsible for delamination. Instead, blistering occurs: delamina-
tion of c-Si modules is not visible on the back side, but on the front side, either between
the front glass and EVA or between the EVA and the Si cell, depending on the pH of the
leaching solution. Delamination between the front EVA and solar cell preferentially occurs
around the solder ribbon on the front side of the cell and is therefore correlated with the
leaching of Pb out of the solder ribbon. The backsheet on the rear side of the c-Si module
piece shows no changes after the leaching. Unfortunately, the backsheet is not transparent;
therefore, we do not have information about the condition of the solder ribbon on the back
side and how the leaching of the Al back contact affects the leaching of the solder ribbon
on the back. In solutions with pH 3, a local delamination takes place between the solar cell
and the EVA foil, whereas in pH 11 solutions, the delamination occurs between front glass
and EVA. In pH 7 solutions, we observe both kinds of delamination. The solution probably
attacks the coupling agent. Therefore, in this case, we assume adhesion problems to be the
main reason for blistering.

In the case of CdTe module pieces, the photoactive CdTe, as well as the Mo back contact
are highly soluble in acidic, aqueous solutions with pH 3. The severe leaching correlates
with the frequent total separation, i.e., delamination of the module pieces. For this type of
module and under acidic conditions, frequently, the front side is clearly separated from the
rear. As a consequence, this delamination enhances the leaching, especially of Te, which is
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observed in all leaching solutions, independent of pH. For short times, leaching for Cd,
Te, and Mo increases linearly with time, but at different rates; the rates depend on the pH.
The ratio RCd:Te of eluted Cd to eluted Te Cd:Te also depends on the pH. This behavior is
in accordance with the Pourbaix (potential-pH) diagram for CdTe in aqueous solutions
showing the possible species of Cd and Te depending on the pH and the redox potential
EH [9]. In solutions with pH 3, the Te species have a lower solubility compared to the
Cd species, which are present as Cd2+ ions. The solubility of predominant species of Cd
and Te for pH 7 is the same, which explains the ratio RCd:Te = 1. In solutions with pH
11, probably, Te species form with a solubility that exceeds that of Cd. This assumption
explains the estimated RCd:Te ≈ 0.1. It is notable that only in solutions with pH 3, the ratio
RCd:Te is strongly time dependent, whereas it is almost constant for solutions with pH 7
and pH 11.

Increasing the temperature results in accelerated leaching of Cd from CdTe module
pieces. The same behavior was earlier reported by Collins and Anctil [25] for the leaching of
Cd from CIGS modules and Pb from c-Si modules, by increasing the leaching temperature
to T = 50 ◦C. All of our leaching data for Cd are well described by Equation (2) and the
Cmax-value for Cd, which decreases with increasing pH. This finding is in accordance with
the data reported by Ramos-Ruiz [5] on leaching of Cd and Te out of CdTe modules in
solutions with different pH values under simulated landfill conditions. This pH-dependent
leaching is understood on the basis of known leaching patterns, not only for Cd, but for all
measured elements in this study.

In contrast to CdTe modules, with total delamination, for CIGS module pieces, frac-
tional separation occurs in solutions with pH 3, as well as with pH 7: only parts of the
rear side are separated. Our leaching experiments point out all CIGS module layers to be
more or less soluble in aqueous solutions. The highest solubility is found for Zn from the
front contact in pH 3 solutions, and at this location, we observe the fractional separation.
With the Zn eluted, there is no longer a stable bond between the front glass/EVA and the
rear side consisting of the photoactive layers (CdS, CIGS) and the back contact on top of
the rear glass.

The leaching concentrations of Cd out of CIGS module pieces are lower than from
CdTe module pieces. This lower leaching of Cd indicates that CdS in the CIGS cells is more
stable against the solutions than CdTe. The Mo back contact of CIGS module pieces also
seems to be more stable than the Mo back contact of CdTe module pieces. Between these
two module types, the amounts of leached Mo differ especially in solutions with pH 3 and
pH 11: in these solutions, Mo from CIGS shows lower leaching than Mo from CdTe module
pieces. This difference probably arises from the formation of the MoSe2 layer during the
deposition of the CIGS layer in module fabrication. Theelen et al. [26] proposed that MoSe2
prevents the formation of molybdenum oxide, MoOx, which is the main reason for the
degradation of Mo when it comes in contact with water or moisture. Modules from CdTe
do not contain a protecting MoSe2 layer. Therefore, during leaching, MoOx is probably
formed. The formation of MoOx results in a large volume expansion [26]. This could
explain the observed delaminations for CdTe module pieces.

Amorphous silicon module pieces show also highly time-dependent leaching, in par-
ticular the front layer of ZnO in combination with the Ni/Cu back contact. After 1.5 years
of leaching, the elements Zn and Ni reach almost 100% in solutions with pH 3. The time-
dependent leaching behavior of Zn from a-Si module pieces is similar to the leaching
behavior of Zn from CIGS module pieces in both solutions of pH 3 and pH 7. The leaching
rates are also comparable. Therefore, in the case of a-Si modules, ZnO is a weak spot. This
finding is in line with the experiments of Pern et al. [27]: These authors studied the stability
of various transparent conducting oxides (TCO), including ZnO. In their experiments,
ZnO showed the highest degradation rates (of all studied TCOs) when it comes in contact
with moisture.
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5. Conclusions

Our leaching experiments on PV modules pieces from CdTe, CIGS, c-Si, and a-Si
in water-based solutions with pH 3, pH 7, and pH 11 simulate different environmental
conditions. Due to the wide span of pH-values, it seems also possible to predict from our
experiments the behavior for other pH-values. During the leaching over 1.5 years, we
observe different types of delamination. In the case of thin film modules (CdTe, CIGS, a-Si),
the thin film layers themselves or the contact materials (e.g., Mo, ZnO) are the weak spots.
Finally, their leaching leads to delamination. In contrast, in the case of modules with c-Si,
the Al back contact shows the strongest leaching. However, this leaching is not responsible
for the delamination. Instead, problems with the EVA causes blistering, which leads to the
delamination of the module pieces with c-Si.

The time-dependent leaching is well described by an exponential saturation behavior
with a leaching time constant, at least for low pH-values. The leaching time constant differs
from element-to-element and changes under agitation and/or a temperature increase.
For times small compared to this time constant, the amount of leached out elements
increases linearly with time. It is therefore understandable that, roughly speaking, the
concentrations of many leached out elements after 500 days are also more than two orders of
magnitude higher than after one day. However, we observe also ratios of the concentrations
after one 500 days and after one day that are higher or lower than two orders of magnitude:
Higher values are obtained, when delamination occurs during leaching. Lower values are
obtained when, for example, the ratio of eluted to precipitating elements changes during
the experiment.

In the case of Cd leaching from CdTe module pieces, increased temperature leads to
substantially accelerated leaching. In contrast, the maximal concentration of leached Cd
only depends on the pH of the solution. A mass balance method shows that Cd, which is
not measured in the solutions as dissolved, remains in the module pieces themselves and
is not, as expected, leached out and then precipitated in the solutions.

In any case and under all experimental conditions, it is possible to either leach out all
or a substantial amount of most elements from the module pieces. Clearly, in the case of
our module pieces, leaching starts from the unprotected edges of the pieces of 5 × 5 cm2 in
size, cut out from large area modules. During the manufacturing of commercial modules,
they are provided with an edge sealing, which should prevent any leaching under normal
operating conditions of the (undamaged) modules. However, if the edge sealing of the
modules is not carefully done, or if it is damaged, or even worse, if the (front) module
glass is broken, leaching is unavoidable. Rain water with pH values always below pH 7
will suffice to leach out the (toxic) elements. Even worse, if modules are cracked, crushed,
or even milled and end up in landfills, the module constituents will also be leached out.
Therefore, if toxic materials are not completely avoided in photovoltaic modules, it is of
utmost importance to (i) replace damaged modules as fast as possible and to (ii) recollect
and recycle them completely. In all other cases, in view of the huge amount of installed
PV modules, most of them still containing Pb (mostly in the solder of the cell connectors)
and/or Cd, they may impose a severe danger to the environment.

Compared to other, earlier studies, our experiments were carried out over more than
a year. As one of the key results, we found huge differences between the amount of
elements found in the solutions after one day and more than a year. In our opinion, tests
for just one day are inappropriate to judge module technologies, in particular if conclusions
and political decisions on the toxicity and environmental issues of photovoltaic module
technologies are based on such short-term measurements.
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