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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 

An integral solar cell and module concept is developed based on an IBC cell design with a front floating emitter (FFE). The FFE 
renders the cell resilient to electrical shading and reduces the demands on feature size. The cells are bi-facial by design. We 
interconnected 6’’ IBC cells using a conductive back sheet foil, resulting in a visually appealing mono-facial solar module. The 
IBC cells are made using a process close to existing industrial n-PERT processing, their production in an industrial pilot line has 
been demonstrated. The cells can be produced at the cost level of a PERC cell. The paper shows how the current cell efficiency 
of 21.1% cell will be increased beyond 22% in 2017 and what enablers are required to industrialize this concept. One such 
enabler we report on is high resolution Rsheet mapping using near-field THz scanning. 
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1. ECN’s Front Floating Emitter (FFE) IBC cells 

The Mercury cell [1,2] is ECN’s 6 inch industrial Interdigitated Back Contact (IBC) cell design with a front 
floating emitter (FFE). A cross-section of the cell is shown in Fig. 1. Although interdigitated back contact (IBC) 
solar cells have shown to yield very high conversion efficiencies [3], cost effective production of these devices poses 
challenges. To allow all contacts to be applied to the rear of the cell, the rear collecting junction (the emitter) is 
interrupted by a non-collecting junction (the BSF) as again illustrated in Fig. 2. Therefore, any carrier that is photo-
generated above a BSF area needs to travel laterally to an emitter area. If the BSF regions become too wide, the 
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collection probability of carriers generated above the BSF will decrease: an effect referred to as electrical shading  
[4]. 

 
Fig. 1. cross-section of Front Floating Emitter Mercury cell. The rear side can receive light, except for where the metallization is present. 

 
To prevent loss in cell performance, the typical width of the BSF is in the order of 0.2-0.4 mm out of a typical 

cell pitch of 1.5 mm. The inequality of BSF and emitter widths results in strict patterning tolerances for processing 
but has also implications for the metallization as shown in our previous report [1]. We found that an FFE can 
mitigate this effect. To illustrate why the IBC structure with FFE can allow wide features on the cell, we compare 
2D Quokka [5] simulations of an interdigitated structure featuring extreme widths with FSF or FFE on the front side 
in Fig. 2. 

 

 
 

Fig. 2. (left) relatively wide pattern features to allow current extraction; (right) reduced electrical shading for conductive FFE vs. FSF for 
extremely wide BSF (1.2 mm). 

From the hole density plots it is clear that the hole distribution and the local current collection probability (IQE) 
is radically different between both structures. While the IQE above the n++ doped region (BSF) drops 25 to 50% for 
the case with FSF depending on the wafer resistance, the IQE of the FFE-IBC remains nearly constant over the 
interdigitated structure, depending on the conductance of the FFE. While a conductive FFE is beneficial to counter 
electrical shading, reasonable results are expected to be achieved between 100 and 200 Ω/□ which is a range in 
which very good surface passivation can be achieved. While we have obtained 36 fA/cm2 at 150 Ω/□, even lower 
values of 10 fA/cm2 were obtained by others at 185 Ω/□ on textured surfaces. 

Another important consequence of the Mercury concept is that it allows the doping pattern to deviate from the 
regular interdigitated structure. With the regular interdigitated structure we mean the pattern with horizontally 
running fingers that can be observed in Fig. 2. Here the interdigitated doping pattern is interrupted by a mini busbar 
which has a tapered structure towards the interconnection pad. Deviations in this interdigitated structure (busbars 
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and pads) are required to be able to extract the current from the cell. The FFE allows to use these current extraction 
features, without a large penalty in the form of electrical shading. This is very beneficial in order to establish cost 
effective interconnection on 6 inch wafers. To limit ohmic losses and/or metal consumption on the cell, it is 
beneficial to collect the current close to the location where the photocurrent is generated in the solar cell.  

Others have reported on IBC solar cells, e.g. Müller et al [6] reported an attractive process flow for an FFE IBC 
cell that reached 21.7% on 2x2 cm2 based on P-implantation that selectively blocked the following BBr3 diffusion. 
The screen printed 6 inch IBC cells that ISC Konstanz [7] has reported achieved 22.0% efficiency. These cells also 
feature a FFE illustrating the potential of this low-cost approach. 

2. Cell and module process 

The processing of our IBC cells is based upon our n-pasha process for n-PERT cells [8]. A big advantage of this 
approach is that the process is suitable for transfer to industry. Tube diffusion, screen printing and use of firing 
through metallization are important characteristics of this technology. 
Our cells are currently designed to be interconnected with conductive back sheets [9-11], technology that was 
developed originally for back contact MWT cells. The back contact module based on the conductive back-sheet 
technology has a track record of being a reliable interconnection, meeting IEC 61215 demands, and using 
commercial pick & place module manufacturing tools. The interconnection between the cell metallization and the 
back contact foil is achieved through conductive adhesive. This interconnection technology by itself has potential 
for improvement and further cost reduction, as reported in [12]. 

The IBC cells that are free of front metallisation give the module an aesthetical appearance as illustrated in Fig. 3. 
Recently, ECN has fabricated its first 60 cell IBC module illustrating the manufacturability of the technology. 

 

 

Fig. 3. (left) Photographic image of an all-black 2x2 IBC module; (right) Illustration of an IBC cell on conductive back-sheet foil. The IBC cell 
(dark blue) is mounted on a patterned conductive back-sheet (pink). The back-sheet has isolation trenches (light grey), separating the + and – 
polarities. In the circle a cross-section of the IBC cell is shown with the contacts to the n-type diffusion (blue) and the p-type diffusion (red) at the 
rear side. 

3. Demonstration of IBC Mercury cells in an industrial pilot line 

At Yingli [13] the IBC process has been transferred to an industrial pilot line in a time span of only 3 months. 
The I-V parameters of the best cell to date are listed  in Table 1. The speedy transfer testifies to the potential for 
industrial application of the IBC Mercury cell. 

Table 1: I-V parameters of best 6’’ Mercury IBC cell processed at Yingli to date. 

Voc (mV) Jsc (mA/cm2) FF (%) Efficiency (%) 

657 40.34 77.4 20.51 
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4. FFE-IBC efficiency evolution and bottlenecks 

Early 2014 [1], we reported a first efficiency for the FFE-IBC concept on 6’’ cells of up to 19.0%.  We have been 
able to steadily increase the efficiency of our cells, and reported our best efficiency to date of 21.1%. The I-V 
parameters of this cell are listed in Table 2, based on in-house measurements. 

 

Table 2: I-V parameters of the best FFE IBC cell and simulated efficiency potential. 

 Area Jsc (mA/cm2) Voc (mV) FF (%) Efficiency (%) 

Experimental 239 41.2 653 78.4 21.1 

Simulation 239 41.2 658 80.9 22.0 

delta  0 -0.8% -2.9% -3.7% 

 
As mentioned earlier, a key characteristic of the current cell processing is firing through (FT) metallization. The 

challenge of FT metallization is to limit the contact recombination as the frit fraction in the paste etches into the 
diffusion during firing for a significant distance (about 200 nm estimated). This etching reduces the surface 
shielding effect of the diffusion, resulting in increased J0 values but at the same time is also important to optimize 
contact resistance. In order to control and optimize the firing through process as much as possible, it is important to 
be able to characterize the metallization, for instance by measuring J0 and contact resistance values of the 
metallization. 

As shown in Table 2, the efficiency of our cells is lower than expected from device simulations. The difference is 
under investigation and factors like contact resistance and inhomogeneity of diffusions are likely to cause the 
difference. We investigate the homogeneity of the diffusions using near-field THz scanning, that is discussed in a 
later section. From the data presented here we can conclude that the potential for screen printed FT cells is 22%, and 
that there is room for improvement in our current cells, in particular in FF. By improving the contact properties that 
enable smaller contact areas, there is potential for further improvement beyond 22%, and work to demonstrate that is 
underway. See for instance [14]. 

To assess critical parameters, such as J0 and rc of the contacts, we designed special test patterns, to be measured 
with a custom measurement chuck, allowing to pin-point values of all these parameters [15]. Based on these 
measured J0 values of contacts and passivated surfaces (see Table 3) as well as grid resistances we used device 
simulations to assess the efficiency for this solar cell configuration as tabulated in Table 2. 

 

Table 3: J0 values and contact coverage for the different scenarios. 

  BSF Emitter 

J0 (passivated) fA/cm2 230 57 

J0 (contacted) fA/cm2 1200 2000 

metal coverage % 7.6 4 

5. Mapping of diffusion patterns with THz mapping 

In the Mercury IBC cell the FFE has an important role in the lateral transport of holes. To assess the effectiveness 
of the pumping effect across the cell, it is also desirable to map the FFE sheet resistance. Also it is important to be 
able to control and monitor the patterning of the rear side. Typically, for BSF and emitter diffusions on the rear side 
one will target different sheet resistances. The differences in sheet resistance allow to monitor the accuracy of the 
patterning process. The doping profile near the surface is important for the contacting of the metallisation. In general, 
areas with a high sheet resistance will be more difficult to contact, and detailed maps will reveal areas that are more 
prone to high contact resistance, or spiking through the diffusion during firing. 

Fortunately there is a way to map the sheet resistance with high resolution using THz near-field probing. In Fig. 4 
the measurement principle is illustrated. The attenuation of the THz radiation is directly linked to the conductivity of 
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one will target different sheet resistances. The differences in sheet resistance allow to monitor the accuracy of the 
patterning process. The doping profile near the surface is important for the contacting of the metallisation. In general, 
areas with a high sheet resistance will be more difficult to contact, and detailed maps will reveal areas that are more 
prone to high contact resistance, or spiking through the diffusion during firing. 

Fortunately there is a way to map the sheet resistance with high resolution using THz near-field probing. In Fig. 4 
the measurement principle is illustrated. The attenuation of the THz radiation is directly linked to the conductivity of 
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the diffusions. See [15,16] for a more detailed description of the high resolution Rsheet mapping. The method allows 
fast (5 ms/pixel) and contact less Rsheet mapping in a range of 0.5 Ω to 5 kΩ. Qualitative differences in Rsheet can be 
observed for features as small as 20 µm for ideal conditions. 

 

 

Fig. 4: Principle of the THz measurement 

In Fig. 5 a sample scan is shown. The scan is of a test structure that has a homogeneous p+-type diffusion on the 
front, but is patterned on the rear side. The rear pattern has larger squares of either emitter or BSF doping only on 
the rear, in the centre and the corners, used for instance for QSSPC lifetime measurements. At the edges there are 2 
sections with interdigitated diffusion patterns, having a pitch of roughly 1 mm. 

While in section a) the diffused fingers show a homogenous sheet resistances over the full length of the finger, 
elevated sheet resistances are observed towards one end of the fingers in section b) with Rsheet values of the emitter 
well above 100 Ω/□ (in red). This range in Rsheet can negatively affect both the resistive as well as recombination 
properties of the contacts and give clues towards performance losses and process improvements. 

The THz equipment for PV is a co-development between Protemics and ECN. A full wafer mapping tool is 
available at ECN which will provide better feedback on our IBC process and that used in the PV community, and 
result in process improvements and efficiency gains. 

 

 

Fig. 5: THz mapping of IBC test structure (Rsheet in Ω/sq) illustrating interdigitated emitter fingers with (a) homogeneous Rsheet and (b) partly 
elevated Rsheet. 
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6. Market developments for back contact solar cells 

The general trend in the market is to move to higher module power and a lower cost per watt-peak. In Fig. 6 
several market developments as projected by the ITRPV [17] are shown. While p-type material with standard front 
and rear contact technology has dominated over the last decades, the ITRPV roadmap predicts an increasing share of 
back contact module technology and n-type material. A relatively new trend is the appearance of bifacial modules in 
the market. 
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Fig. 6: possible market developments from the ITRPV roadmap, for (a) cell technology; (b) wafer type; (c) monofacial vs. bifacial technology. 
The vertical axes show the world market share. 

 
We note that the Mercury IBC cells is a very good match to these developments, being a bifacial, back-contact 

and n-type solar cell. 

7. Status Cost of ownership versus PERC 

The development has resulted in a process flow for an IBC cell that has only one additional major process step 
compared to the commercial n-PERT cell with a homogeneous BSF. This and the fact that the patterning of the 
doped surface is based on screen printing, has attracted interest from PV manufacturers. In addition, further process 
simplification is feasible. This achievement places the process complexity next to that of PERC and marks a turning 
point with respect to the market perception that an IBC process is laborious and expensive. We were able to raise the 
IBC cell efficiency on 6 inch wafers from 19.5% in 2014 to 21.1% currently, using equipment of the consortium 
partners and an advanced metallization design based on screen printing. The process cost, excluding the cost for 
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wafer and silver paste, reached a cost level as low as 36.5 $ct/cell which is a cost level comparable to that of PERC. 
The cost breakdown in wafer, silver and process cost per watt-peak is illustrated in Fig. 7. 

 

 
Fig. 7: Cell cost of current IBC process. The $/Wp is calculated assuming a 21.6% conversion efficiency 

8. Conclusions 

We present a bifacial IBC cell concept with a process close to current industrial processing, as highlighted by the 
quick transfer to an industrial pilot line. The best efficiencies reached to date are 21.1% at ECN, 20.5% in pilot at 
Yingli. These efficiencies must be improved to attain a viable business case, and will be improved, and for that it is 
important to be able to monitor and control the processing and cell parameters. Two examples of that shown in the 
paper are the use of test structures for J0 and rc values, and THz mapping for resolving interdigitated diffusion 
patterns. 
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