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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Light (and elevated Temperature) Induced Degradation (LeTID) can seriously limit the efficiency of mc-Si PERC solar cells if 
no countermeasures are taken. Within this paper, the subsequent regeneration reaction, also induced by light at elevated 
temperatures, is investigated systematically in the low intensity regime (up to 4 suns) as a possible countermeasure. As might be 
expectable, degradation and regeneration reaction are found to speed up with increasing treatment temperature; however, 
completeness of regeneration is also found to be noticeably reduced at high temperatures (up to 380°C). This enforces the 
introduction of reverse reactions and gives rise to a 3-state reaction model for LeTID explaining the observed threshold 
temperature above which LeTID elimination does not work anymore. Furthermore, it is found that a treatment at high 
temperatures not only fails to eliminate LeTID, but also slows down the regeneration in a later low temperature treatment. 
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1. Introduction 

One of the key technologies for the upcoming efficiency boost in industry is the development of an economically 
reasonable process for PERC solar cells featuring a dielectric passivation layer on the rear side. To (over)compensate 
for the additionally needed process steps, PERC cells not only have to match, but outperform classical full area Al 
alloyed cells to a certain degree. Whether this succeeds depends mainly on bulk lifetime, the more the merrier. 
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Cz-Si might appear as first choice material, however, from an economic point of view, mc-Si (dominating the 
non-PERC market) might be the more cost-effective choice especially taking high performance mc-Si (HPM) into 
account. Unfortunately, it was found recently that especially HPM PERC-type cells can show a slow but strong light 
(and elevated temperature) induced degradation (LeTID) [1-3], virtually disqualifying this material for industrial 
PERC production if no countermeasures are taken. Fortunately, illumination not only triggers the degradation 
mechanism, but also a regeneration mechanism maybe already showing the way out of the LeTID dilemma: “Simply 
illuminate and heat HPM PERC cells long enough to get rid of LeTID”. This approach is evaluated systematically on 
the basis of HPM PERC cells to assess industrial feasibility especially with regard to reasonable process duration. 

2. Experimental procedure 

A series of 6” PERC solar cells made from 2 Ωcm boron-doped mc-Si wafers was subjected to a two step 
treatment. In a first step, the cells were illuminated with constant intensity (varied in the range of 2-4 suns, current 
equivalent, see [4] for more details) by halogen incandescent lamps while placed on a hotplate with constant 
temperature (varied in the range of 140-380°C). The treatment was temporarily interrupted in order to measure the 
electrical parameters of the solar cells. The treatment was continued until the electrical parameters appear to have 
reached a sufficiently stable equilibrium. This first step is intended to eliminate at best LeTID completely and it is 
expected that the characteristic degradation drop and subsequent recovery (as given, e.g., by the orange curve in 
Fig. 1b at low temperature) are still observable during the treatment.  

In a second step, the cells were exposed to 1.5 sun illumination of an incandescent lamp at a temperature of 
121°C. This allows for a comparably fast stability check whether LeTID elimination was successful in the first 
treatment step. Open circuit voltage Voc was tracked in-situ until again a sufficiently stable equilibrium was reached. 

3. Results and discussion 

Prior to the experiments, it was proven that the material under investigation really suffers from LeTID. As 
degradation occurs only on long time scales, increasing degradation temperature to ~75°C is suggested [3]. The 
orange curve in Fig. 1b depicts an in-situ Voc measurement of an untreated cell taken at 76°C under 1.5 suns 
illumination showing the expected degradation drop as well as the subsequent recovery. 

The development of Voc (being the most sensitive entity with respect to changes in bulk lifetime) during the first 
treatment is depicted in Fig. 1a for 2 suns intensity and various temperatures. The expected decrease and recovery of 
Voc may be clearly identified only at low temperatures (140°C, 180°C, and 220°C). Defect reactions are expected to 
speed up with rising temperature (Arrhenius-type behavior), and indeed the red 220°C curve shifts to shorter times 
compared to the 180°C (black) and 140°C (gray) curve suggesting the expected acceleration of the reactions. 

 

      
Fig. 1. (a) Development of Voc losses in the course of time under 2 suns illumination intensity at various temperatures during the first treatment 
step. Lines are only guides to the eye. (b) In-situ tracked Voc stability check under illumination of ~1.5 suns at 121°C after pre-treatment on the 
hotplate at various temperatures. Also shown is the degradation and regeneration of an untreated sample at 121°C (violet) and at 76°C (orange). 
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Cz-Si might appear as first choice material, however, from an economic point of view, mc-Si (dominating the 
non-PERC market) might be the more cost-effective choice especially taking high performance mc-Si (HPM) into 
account. Unfortunately, it was found recently that especially HPM PERC-type cells can show a slow but strong light 
(and elevated temperature) induced degradation (LeTID) [1-3], virtually disqualifying this material for industrial 
PERC production if no countermeasures are taken. Fortunately, illumination not only triggers the degradation 
mechanism, but also a regeneration mechanism maybe already showing the way out of the LeTID dilemma: “Simply 
illuminate and heat HPM PERC cells long enough to get rid of LeTID”. This approach is evaluated systematically on 
the basis of HPM PERC cells to assess industrial feasibility especially with regard to reasonable process duration. 

2. Experimental procedure 

A series of 6” PERC solar cells made from 2 Ωcm boron-doped mc-Si wafers was subjected to a two step 
treatment. In a first step, the cells were illuminated with constant intensity (varied in the range of 2-4 suns, current 
equivalent, see [4] for more details) by halogen incandescent lamps while placed on a hotplate with constant 
temperature (varied in the range of 140-380°C). The treatment was temporarily interrupted in order to measure the 
electrical parameters of the solar cells. The treatment was continued until the electrical parameters appear to have 
reached a sufficiently stable equilibrium. This first step is intended to eliminate at best LeTID completely and it is 
expected that the characteristic degradation drop and subsequent recovery (as given, e.g., by the orange curve in 
Fig. 1b at low temperature) are still observable during the treatment.  

In a second step, the cells were exposed to 1.5 sun illumination of an incandescent lamp at a temperature of 
121°C. This allows for a comparably fast stability check whether LeTID elimination was successful in the first 
treatment step. Open circuit voltage Voc was tracked in-situ until again a sufficiently stable equilibrium was reached. 

3. Results and discussion 

Prior to the experiments, it was proven that the material under investigation really suffers from LeTID. As 
degradation occurs only on long time scales, increasing degradation temperature to ~75°C is suggested [3]. The 
orange curve in Fig. 1b depicts an in-situ Voc measurement of an untreated cell taken at 76°C under 1.5 suns 
illumination showing the expected degradation drop as well as the subsequent recovery. 

The development of Voc (being the most sensitive entity with respect to changes in bulk lifetime) during the first 
treatment is depicted in Fig. 1a for 2 suns intensity and various temperatures. The expected decrease and recovery of 
Voc may be clearly identified only at low temperatures (140°C, 180°C, and 220°C). Defect reactions are expected to 
speed up with rising temperature (Arrhenius-type behavior), and indeed the red 220°C curve shifts to shorter times 
compared to the 180°C (black) and 140°C (gray) curve suggesting the expected acceleration of the reactions. 

 

      
Fig. 1. (a) Development of Voc losses in the course of time under 2 suns illumination intensity at various temperatures during the first treatment 
step. Lines are only guides to the eye. (b) In-situ tracked Voc stability check under illumination of ~1.5 suns at 121°C after pre-treatment on the 
hotplate at various temperatures. Also shown is the degradation and regeneration of an untreated sample at 121°C (violet) and at 76°C (orange). 
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Only the 180°C (black) and 140°C (gray) data allow for a clear determination of the minimum of the 
degradation-regeneration-cycle at ~1 min and ~5 min, respectively. The minimum probably shifts to shorter 
treatment durations at higher temperatures, but the chosen temporal resolution (first treatment duration 10 s) is 
simply not appropriate to reveal the minimum or more generally to reproduce the full degradation drop at higher 
temperatures anymore. Indeed, the observable amplitude decreases steadily with increasing temperature. The 
corresponding interpretation then should be that the process still occurs, but it cannot be monitored properly. On the 
one hand, this acceleration is desirable for a possible inline-capable industrial application; on the other hand, 
analysis of the reaction kinetics is hardly possible. 

For temperatures exceeding 260°C (blue, green, magenta), Voc surpasses the initial value by up to 1 mV. At the 
first glance, the treatment maybe not only compensates LeTID losses, but even leads to a slight improvement. For 
the highest temperature of 380°C (magenta), a second drop in Voc becomes visible which is accompanied by a series 
resistance induced fill factor drop as well (not shown). It is assumed that this is correlated with a deterioration of the 
metal contacts not further investigated here. 

In order to check whether the degradation-regeneration-cycle maybe occurred in the first treatment step on a time 
scale too fast for monitoring and whether the improvement is stable in the long term, the second stability check step 
was added. As can be seen from Fig. 1b, the Voc curve of the 180°C (black) sample matches the expectation: in the 
first treatment step, a clear degradation-regeneration-cycle was observed (Fig. 1a) suggesting that the LeTID 
elimination process went on as planned and indeed no significant Voc loss (<1 mV) can be seen afterwards in the 
stability check. The same accounts for the sample pre-treated at 140°C (not shown in Fig. 1b). The small residual 
loss might be explained by a premature abortion of the first treatment step before equilibrium was reached. 

However, this changes for higher temperatures. With rising temperature the degradation-regeneration-cycle 
becomes less or hardly observable during the first treatment step (Fig. 1a: green, magenta). In turn, the samples 
prove to be unstable to a high degree (green: –10 mV; magenta:  –15 mV). Note that this does not necessarily 
correspond to the maximum degradation drop (hypothetically reached for longer time) as the regeneration trend 
enforces a minimum. The losses at high temperatures in Fig. 1b indicate that the non-observation of a degradation-
regeneration-cycle during the first treatment step (Fig. 1a) is not only due to lack of temporal resolution, but that the 
intended LeTID elimination did not occur or at least not to the desired degree. 

The observed maximum Voc loss in the stability check (Fig.1b) is plotted in Fig. 2a versus the treatment 
temperature in the first treatment step. With increasing temperature in the first treatment step, the samples turn 
continuously from stable to completely unstable in the second stability check step. A principally comparable 
behavior is also known from boron-oxygen related defects in Cz-Si as shown in the inset of Fig. 2a (taken from [5]). 
Here the preference for the regenerated state (C) shifts to the annealed state (A) with increasing temperature. 

 

        
Fig. 2. (a) Maximum Voc losses extracted from Fig. 1b versus treatment temperature. The dashed line is a suggested curve according to the 3-state 
model in [5]. Inset: (taken from [4]) BO defects prefer the regenerated state (C) after treatment at rather low temperatures and the annealed state 
(A) at high temperatures. The annealed state (A) subsequently converts to the degraded state (B) under illumination; the sample degrades even 
though a regeneration treatment was carried out. (b) 3-state reaction model for the LeTID phenomenon in analogy to the BO defect model [5]. 
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On the basis of the BO defect 3-state model [5], we assume that a comparable 3-state reaction model can be used 
to describe LeTID in mc-Si as shown in Fig. 2b. In contrast to the very general formulation in [4], we believe that 
just four reaction paths are required. The observed degradation-regeneration-cycle corresponds to the conversion of 
the LeTID defect from an initial via a degraded towards a regenerated state. However, LeTID and Regeneration path 
cannot explain the observed behavior without reverse reactions (in analogy: Anneal and Re-Degradation). It can 
therefore be concluded that, analogously to the BO defect treatment, simply increasing the temperature at fixed 
illumination intensity in order to eliminate the LeTID defect does not necessarily work, or at least there exists a 
certain threshold temperature beyond that the LeTID elimination process becomes ineffective. The definition of that 
threshold temperature is a question of interpretation. From a mathematical point of view, the dashed S-shaped curve 
in Fig. 2a may be best described by its inflection point at 50% loss (~270°C). From an economic point of view it 
might be questionable whether ‘only’ 50% recovery of LeTID is sufficient for a solar cell and maybe only 10% 
remaining LeTID loss are acceptable which then corresponds to a temperature of just ~200°C. However, it should be 
noted that even though Fig. 2a might depict a fundamental property of the LeTID defect, the exact threshold 
temperature is a function of reaction rates which depend at least on intensity and maybe on sample processing, too. 

Irrespective of the exact definition of threshold temperature, Fig. 1a clearly shows that the first treatment step 
takes more than a few minutes to recover the initial value, but Fig. 2a shows that simply raising the treatment 
temperature does not work. Therefore the question arises to what extent the process may be accelerated by higher 
light intensities. The progression of Voc loss during the first treatment step is shown in Fig. 3a. Whether the increase 
in illumination intensity speeds up the degradation-regeneration-cycle is unclear as the missing observable minimum 
conceals a clear shift on time scale and a comparison of slopes is difficult due to the different drop and the deviating 
long term value. In Fig. 3b, these effects are compensated by proper scaling of x- and y-axis. Kwapil et al. [6] 
showed that the degradation rate depends approximately linearly on injection level meaning doubling the injection 
level doubles the degradation rate. Assuming that this might be valid also for the regeneration rate, increasing the 
illumination intensity from 2 to 4 suns would roughly reduce the time scale by a factor of 2. The orange data in 
Fig. 3b represent the original red data for 2 suns, but time scale is adapted by that factor 2 thus ‘simulating’ an 
increase of illumination intensity to 4 suns. The orange curve should now be comparable to the original black curve 
taken at 4 suns. However, comparison is still difficult as amplitude differs and the curve seems to be shifted on the 
y-axis. The gray data illustrate what happens if the black data are corrected for that offset and stretched so that the 
amplitude matches. At least then the orange and gray curve seem to match in the long run. The acceleration with 
increasing intensity might also explain the decreasing observable amplitude with increasing intensity. 

As the correctness of this procedure might be questionable, it is to be understood as rough estimation to illustrate 
what might be expectable and that an increase in intensity from 2 to 4 suns might indeed accelerate the process by a 
factor of 2, even though it is hard to conclude from the original data (Fig. 3a), but not by a factor far larger than 2. 

 

      
Fig. 3. Development of Voc losses in the course of time using different illumination intensities at 220°C during the first treatment step. Lines are 
only guides to the eye. (a) original data. (b) selected original data (red, black) and rescaled data (orange, gray) virtually compensating 
experimental differences. 
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Only the 180°C (black) and 140°C (gray) data allow for a clear determination of the minimum of the 
degradation-regeneration-cycle at ~1 min and ~5 min, respectively. The minimum probably shifts to shorter 
treatment durations at higher temperatures, but the chosen temporal resolution (first treatment duration 10 s) is 
simply not appropriate to reveal the minimum or more generally to reproduce the full degradation drop at higher 
temperatures anymore. Indeed, the observable amplitude decreases steadily with increasing temperature. The 
corresponding interpretation then should be that the process still occurs, but it cannot be monitored properly. On the 
one hand, this acceleration is desirable for a possible inline-capable industrial application; on the other hand, 
analysis of the reaction kinetics is hardly possible. 

For temperatures exceeding 260°C (blue, green, magenta), Voc surpasses the initial value by up to 1 mV. At the 
first glance, the treatment maybe not only compensates LeTID losses, but even leads to a slight improvement. For 
the highest temperature of 380°C (magenta), a second drop in Voc becomes visible which is accompanied by a series 
resistance induced fill factor drop as well (not shown). It is assumed that this is correlated with a deterioration of the 
metal contacts not further investigated here. 

In order to check whether the degradation-regeneration-cycle maybe occurred in the first treatment step on a time 
scale too fast for monitoring and whether the improvement is stable in the long term, the second stability check step 
was added. As can be seen from Fig. 1b, the Voc curve of the 180°C (black) sample matches the expectation: in the 
first treatment step, a clear degradation-regeneration-cycle was observed (Fig. 1a) suggesting that the LeTID 
elimination process went on as planned and indeed no significant Voc loss (<1 mV) can be seen afterwards in the 
stability check. The same accounts for the sample pre-treated at 140°C (not shown in Fig. 1b). The small residual 
loss might be explained by a premature abortion of the first treatment step before equilibrium was reached. 

However, this changes for higher temperatures. With rising temperature the degradation-regeneration-cycle 
becomes less or hardly observable during the first treatment step (Fig. 1a: green, magenta). In turn, the samples 
prove to be unstable to a high degree (green: –10 mV; magenta:  –15 mV). Note that this does not necessarily 
correspond to the maximum degradation drop (hypothetically reached for longer time) as the regeneration trend 
enforces a minimum. The losses at high temperatures in Fig. 1b indicate that the non-observation of a degradation-
regeneration-cycle during the first treatment step (Fig. 1a) is not only due to lack of temporal resolution, but that the 
intended LeTID elimination did not occur or at least not to the desired degree. 

The observed maximum Voc loss in the stability check (Fig.1b) is plotted in Fig. 2a versus the treatment 
temperature in the first treatment step. With increasing temperature in the first treatment step, the samples turn 
continuously from stable to completely unstable in the second stability check step. A principally comparable 
behavior is also known from boron-oxygen related defects in Cz-Si as shown in the inset of Fig. 2a (taken from [5]). 
Here the preference for the regenerated state (C) shifts to the annealed state (A) with increasing temperature. 

 

        
Fig. 2. (a) Maximum Voc losses extracted from Fig. 1b versus treatment temperature. The dashed line is a suggested curve according to the 3-state 
model in [5]. Inset: (taken from [4]) BO defects prefer the regenerated state (C) after treatment at rather low temperatures and the annealed state 
(A) at high temperatures. The annealed state (A) subsequently converts to the degraded state (B) under illumination; the sample degrades even 
though a regeneration treatment was carried out. (b) 3-state reaction model for the LeTID phenomenon in analogy to the BO defect model [5]. 
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On the basis of the BO defect 3-state model [5], we assume that a comparable 3-state reaction model can be used 
to describe LeTID in mc-Si as shown in Fig. 2b. In contrast to the very general formulation in [4], we believe that 
just four reaction paths are required. The observed degradation-regeneration-cycle corresponds to the conversion of 
the LeTID defect from an initial via a degraded towards a regenerated state. However, LeTID and Regeneration path 
cannot explain the observed behavior without reverse reactions (in analogy: Anneal and Re-Degradation). It can 
therefore be concluded that, analogously to the BO defect treatment, simply increasing the temperature at fixed 
illumination intensity in order to eliminate the LeTID defect does not necessarily work, or at least there exists a 
certain threshold temperature beyond that the LeTID elimination process becomes ineffective. The definition of that 
threshold temperature is a question of interpretation. From a mathematical point of view, the dashed S-shaped curve 
in Fig. 2a may be best described by its inflection point at 50% loss (~270°C). From an economic point of view it 
might be questionable whether ‘only’ 50% recovery of LeTID is sufficient for a solar cell and maybe only 10% 
remaining LeTID loss are acceptable which then corresponds to a temperature of just ~200°C. However, it should be 
noted that even though Fig. 2a might depict a fundamental property of the LeTID defect, the exact threshold 
temperature is a function of reaction rates which depend at least on intensity and maybe on sample processing, too. 

Irrespective of the exact definition of threshold temperature, Fig. 1a clearly shows that the first treatment step 
takes more than a few minutes to recover the initial value, but Fig. 2a shows that simply raising the treatment 
temperature does not work. Therefore the question arises to what extent the process may be accelerated by higher 
light intensities. The progression of Voc loss during the first treatment step is shown in Fig. 3a. Whether the increase 
in illumination intensity speeds up the degradation-regeneration-cycle is unclear as the missing observable minimum 
conceals a clear shift on time scale and a comparison of slopes is difficult due to the different drop and the deviating 
long term value. In Fig. 3b, these effects are compensated by proper scaling of x- and y-axis. Kwapil et al. [6] 
showed that the degradation rate depends approximately linearly on injection level meaning doubling the injection 
level doubles the degradation rate. Assuming that this might be valid also for the regeneration rate, increasing the 
illumination intensity from 2 to 4 suns would roughly reduce the time scale by a factor of 2. The orange data in 
Fig. 3b represent the original red data for 2 suns, but time scale is adapted by that factor 2 thus ‘simulating’ an 
increase of illumination intensity to 4 suns. The orange curve should now be comparable to the original black curve 
taken at 4 suns. However, comparison is still difficult as amplitude differs and the curve seems to be shifted on the 
y-axis. The gray data illustrate what happens if the black data are corrected for that offset and stretched so that the 
amplitude matches. At least then the orange and gray curve seem to match in the long run. The acceleration with 
increasing intensity might also explain the decreasing observable amplitude with increasing intensity. 

As the correctness of this procedure might be questionable, it is to be understood as rough estimation to illustrate 
what might be expectable and that an increase in intensity from 2 to 4 suns might indeed accelerate the process by a 
factor of 2, even though it is hard to conclude from the original data (Fig. 3a), but not by a factor far larger than 2. 

 

      
Fig. 3. Development of Voc losses in the course of time using different illumination intensities at 220°C during the first treatment step. Lines are 
only guides to the eye. (a) original data. (b) selected original data (red, black) and rescaled data (orange, gray) virtually compensating 
experimental differences. 
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An additional effect can be seen in Fig. 1b when comparing the treated samples to the untreated sample (violet). 
The minimum has shifted to longer times for all treated samples (at 121°C) meaning that the treatment seems to 
have changed unfavorably the kinetics of the reactions at work slowing down the degradation-regeneration-cycle. 
This might be in accordance to the effect of dark annealing on the kinetics found by Chan et al. [7]. 

4. Summary and conclusion 

The mc-Si solar cells in this investigation have proven to suffer from light (and elevated temperature) induced 
degradation (LeTID). To mitigate the negative impact of LeTID, a first treatment step consisting of illumination 
(2-4 suns) at elevated temperature (140-380°C) was applied in order to speed up the occurring degradation-
regeneration-cycle. For temperatures lower than 220°C, an accelerated degradation-regeneration-cycle was found as 
expected, however, the observable amplitude of the Voc loss was found to decrease with increasing temperature. For 
higher temperatures, it remained unclear whether this cycle occurred, but was concealed by lack of temporal 
resolution and decreasing amplitude. 

A second stability check step revealed that samples treated at low temperatures, where the degradation-
regeneration-cycle was observable during the first treatment step, proved to be rather stable. For samples treated at 
higher temperatures in the first step, LeTID still occurs to a certain degree and with increasing temperature the first 
treatment step aiming at the elimination of LeTID fails increasingly. 

In consequence, increasing the temperature on the one hand accelerates the process as desired, but on the other 
hand leads to a systematically incomplete elimination of LeTID. There seems to exist a certain threshold 
temperature as of which completeness is compromised. The observed dynamic regarding completeness can be 
explained by a 3-state reaction model for the LeTID defect explicitly including reverse reactions. 

The effect of stronger illumination intensity in the investigated range of 2 to 4 suns on the observed dynamics is 
not apparent from the original data. A dependency on intensity might be concluded from rescaling. Furthermore, it 
was found that the first treatment step influences the kinetics of LeTID in a subsequent low temperature treatment. 
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