New technologies in photovoltaic technology: electrical energy production from vertical walls
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Abstract— In this article the preliminary evaluation of the performance of a photovoltaic window is presented. The aim is to trace the behavior of next-generation systems, which favor architectonical integration. Three different systems have been taken into account: a dye sensitized solar cell (DSSC),  blue and grey caved silicon panels. The systems can be placed behind a window or behind a wall of glass blocks. 
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Introduction
In the recent years buildings account for about 40% of world CO2 emissions, mainly due to their air conditioning, heating and electricity systems. Therefore, renewable energy use and performance optimization in buildings are critical to fight climate change. Several efforts have been addressed towards the reduction of building consumption, improving the performance of the building envelope, without giving up on building aesthetics and at sustainable costs (e.g. using novel building materials, integrated generation heat and electric  devices). 
Actually, new photovoltaic technologies, aimed at making solar cells cheaper than the traditional photovoltaic (PV) and with better architectural integration, are developed. Among these innovative technologies, referred as third PV generation, solar cells based on semiconductors, which have a nano-crystalline structure, in which hybrid organic–inorganic dyes, able to absorb sunlight, seem the most promising. These cells are identified as DSSC from the acronym dye-sensitized solar cell [1].The possibility of using cells of different colors and various degrees of transparency offers a high potential for architecturally integrated applications [2]. Furthermore, DSSC modules can be indeed bifacial devices, able to convert efficiently into electricity the light coming from both outside and indoor environments.
The traditional systems, however, are far to be left in favor of new-generation systems, in fact, a particular evolution of silicon panels can be used in the generation that uses as a support glass of windows: systems in which the silicon is dug to ensure the transparency of the support have been developed.
The aim of this paper is to evaluate the performance of the systems and trace-out the economic advantages of the use of the new technologies.
Structures
The first structure under study is vertical glass wall. For this structure three different generation systems have been developed: the first one is a DSSC and the other two are silicon dug panels. Figure 1 shows systems under study.
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 Particular of the PV wall, DSSC has an orange color dye, laminated silicon systems are grey and blue.
Windows with integrated PV systems have been settled with  dimensions 1200 mm x 600 mm; DSSC has a eight sub-panels, laminated silicon panels are not subdivided, their transparency degree varies from dark (opaque) to a conventional 40%.
The sub-panels of DSSC have been connected in series. By considering a morning in which the irradiance was 709 W/m2 for horizontal plane, in the vertical system the open circuit voltage reaches 20 V, and the short circuit current 0.3A.
Figure 2 and 3 show the voltage-current and voltage-power profiles.

 Voltage-current profile of the DSSC vertical system. 


Voltage-power profile of the DSSC vertical system. 
 The technique used to make the transparent silicon is to dig the laminations, removing the active material, so as the degree of transparency increases, the cells are more and more emptied of electrical sources. Data sheets suggest that maximum power of a windows varies from 45 Wp to 20 Wp depending on the degree of transparency. Open circuit voltage has a constant value 58 V, only current varies with transparency short circuit current varies from 1.07 A to 0.54A. The vertical placement reduces the estimated values.
Figures 4 and 5 show the performance of the grey silicon in the vertical wall.

Voltage-current profile of the grey silicon vertical system. 


Voltage-power profile of the grey silicon vertical system. 

Figures 6 and 7 show the performance of the blue silicon in the vertical wall.


Voltage-current profile of the blue silicon vertical system. 


Voltage-power profile of the blue silicon vertical system. 

It is possible to evaluate the efficiency of the vertical walls, on horizontal surface the incoming power is 709W/m2, panels have a surface of 0.72 m2, in such a way the efficiency is 0.31% for DSSC and 1.37% for the silicon panels.
The low efficiency has to be related to the vertical inclination of panels, which reduces the efficiency to 10% of the best azimuth placement.
During the day, presented power values vary, but for the economic balance are taken those reported here.

GLASS BLOCK WALL
Figure 8 shows the glass block and internal PV structure. DSSC or silicon is fixed in the surface facing the internal environment, in order to protect and maintain it.
The structure can be imagined as composed of two shells of transparent glass, held together by a frame opaque. The glass structure has the task of ensuring the mechanical function of the system, but also to present the best passage to the light radiation, it must therefore be assumed flat surfaces and not corrugated. The possibilities of DSSC integration into the glass block have been studied and deeply discussed in previous works [2-3].
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Section  of the glass block in which thePV cell is red coloured: 1 internal placement on the surface, 2 in the middle section.
In [3] is reported the characterization of the shaded areas in the glass block. By taking into account the radiation in free space and beyond the glass block an average in order of 10% reduction can be evaluated, as shown in figure 9. 
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 Distributions of daylight in the surface of the glass block, referred to the free space. 
Cost of systems
Costs of the two PV types are different and depend on the complexity of the used processes. Several factors affect the final cost, especially the difficulty and the number of operations. The process of construction of a DSSC is undoubtedly less complicated because the operations to be carried out are simpler and fewer in number and, at the same time, the energy required for hot working is much lower. The only process that requires a heating of the material is the sintering process, while the creation of a silicon cell high temperatures are required by the processes of purification, doping, and deposition of the anti-reflective coating. Moreover, what makes the process more complex is the need for an extremely clean inside the working environment, because the process of silicon purification must be done perfectly to avoid abrupt efficiency declines due to the presence of impurities.
The production technologies required for DSSC are, however, now fully developed in other industrial sectors, so there are no established technologies and energy-efficient process that allow reducing the payback time for any investment.
 Data on the cost of production of DSSC are not easily found in the literature. Researchers in [5] have estimated production costs for DSSC cells are respectively: 2.2 $ / Wp (DSSC Mayer) and 0.8 $ / Wp (Smestad).  The most interesting for our case study is the cost per m2, estimated at 64 $/ m2 (58.9 €/m2) for Smestad or 110.6 $/ m 2 (101.7 € / m2) for the DSSC of Mayer, prices calculated with the current exchange rate. Mayer suggest an efficiency of 5% for the DSSC, Smestad of 15%. 
The considered production cost of a polycrystalline silicon cell is of $ 1.78 / Wp and 267$/ (245,5€/)  and it is been considered also for the laminated cell.
As we can notice, the production costs of the cells DSSC are lower, and this confirms that the processes that lead to its realization are undoubtedly less complex than those for a cell of silicon.
Comparative analysis of systems
For quantitative analysis, a 1.5kWp wall has been taken into account. We consider both the technical data found in literature, both the values experimentally obtained. For the comparison between DSSC, the Mayer cell has been considered, for silicon panel an opaque panel has been taken into account. 
Table 1 shows the costs of vertical integrated systems. The cheaper systems is the one created with opaque silicon panel, which cannot be used for a window. Interesting performance is given by the Mayer cell, which cost is near to the traditional opaque panel. Not brilliant performances have been shown by monitored systems, for which efficiency is far from the theoretical.
The use of a glass wall cement slightly increases the costs for the realization of the system.

Table 1
	
	Technical literature
	Experimental

	
	DSSC
	Silicon
	DSSC
	Grey
	Blue

	Efficiency
	5%
	15%
	
	
	

	Vertical
	2.5%
	7.5%
	0.31%
	1.31%
	1.31%

	Surface [m2]
	40
	13.3
	322.6
	76.6
	76.6

	Cost [€]
	4068
	3273
	32806
	18740
	18740

	Glassblock [€]
	4520
	#
	36452
	20823
	20823


Economic evaluation of investments in real case: external staircase cover
The cost and efficiency of an external staircase with generating vertical walls, which realizes the access to a house two families, with average annual consumption of 9000kWh, has been considered.  The coverage of the scale described will take the form of a parallelepiped, of which sides and roof surface have to be established in order to evaluate the quantity of cells needed and the cost. To determine the lateral surface we use the measures of the scale, adding the measure gaps between scale and coverage, so the two sides surface is 71.46 m2;  the other side surface is 42,35 , the roof surface has an area equal to 18.03 m2.  The total area and the result is 131.84 m2.
Determined the total area of the wall to be produced, our aim will be to calculate the price of the construction of the wall in glass bricks, on which we will assume to apply two types of cells: DSSC (Mayer), ordinary silicon cells, and experimental DSSC and blue and gray laminated silicon. The calculations do not consider different exposure to solar radiation during the hours of the day.
First, we determine the cost of only glass block common to both DSSC covers. A single glass block is the size of 19x19x8 cm, then to form 1 m2 of the wall, so  25 pieces are needed. The price of double glass block wall with clear surface is € 202.54/m2, the purchase price includes materials and labor. The total cost of only glass blocks will therefore be about € 26,700.

For the south Italy installation an average daily energy of 1.5 kW / m2 is considered (hypothesis advantageous).
External staircase cover. 
[bookmark: _GoBack]From the qualitative point of view, since the case study is the coverage of an outer scale, the aesthetic point of view that the different types of technology allow to obtain, has to be analyzed. The cell DSSC manage to integrate perfectly with the structure as it has transparency and various colors. The silicon cell, in contrast, is completely black and without any transparency, completely obscuring the scale of cover and making the structure not very pleasant to the sight. Laminated silicon panels allow an architectonically integration with the structure. Although the choice of cells DSSC seems the most advantageous from the point of view of aesthetics, DSSC cells have the upper limit of energy produced due to the lower efficiency; in the case of energetic nature constraint, the only solution would be the use of silicon cells.
In table 2 a comparative analysis for with the evaluation of the net present value has been made. Initially the Mayer’s DSSC and a silicon panels has been considered, and it is referred to them as technical literature model, then the analysis with the experimental cell has performed. 
The ten years are taken to the life duration of DSSC and also for the silicon panels, which can last for twenty years, but a common duration is required for the analysis. Cost are the same for theoretical and experimental systems, only the efficiency differs. No incentive plan has taken.
  The cost of glass block cover has been removed. By considering Mayer’s DSSC, the energy produced is not able to cover the required demand, so annually energy has to be taken from the grid. Only the system based on silicon panels is able to support the demand.
The economic analysis shows that the first two systems have a negative net present values, so investments is not convenient. In the case of silicon panels used for twenty years, the NPV can became positive, but such choice is not suggested by architectonical point of view.
By considering the experimental systems, the energy made in the first year, which is the most productive, is so negligible that the NPV is quite the cost of the system.
Table 2
	
	Technical literature
	Experimental

	
	DSSC
	Silicon
	DSSC
	Grey
	Blue

	Vertical efficiency
	2.5%
	7.5%
	0.31%
	1.31%
	1.31%

	Annual decay
	5%
	0.5%
	5%
	0.5%
	0.5%

	Life Years
	10
	10+
	10
	10+
	10+

	Cost €/m2
	101.7
	245.5
	101.7
	245.5
	245.5

	Cost [€]
	13409
	32367
	13409
	32367
	32367

	Power [kW]
	9.89
	29.6
	1.22
	5.17
	5.17

	first year energy [kwh[
	6279
	18839
	778
	3290
	3290

	Energy required [kWh]
	9000
	9000
	9000
	9000
	9000

	
	
	
	
	
	

	First year E sold [kWh] 
	-2721
	9839
	-8222
	-5709
	-5709

	NPV
	-11498
	-15164
	-13000
	-30000
	-30000



The obtained results show that none of the investments, considered without incentives, it is convenient. DSSC, both Mayer’s suggested and experimental ones,  get an initial better result only for their lower purchase cost, but fail to meet the need for energy due to the low efficiency of the cells used in the vertical position. For silicon cells, however, the efficiency is always low, able to meet the demand for energy  only with traditional silicon panels, but with a high cost of the plant. 
Such non performing results are justified by the fact that, as mentioned before, the DSSC cells are still under development and not available in the market. The investment in traditional silicon cells, widely spread in the market, fails in architectonical integration, but not in the requirement of energy; on the contrary, the laminated cells, not able to guarantee energy requirements but with a duration of twenty years, are the next to be chosen to develop vertical generating walls, as soon as their efficiency will be close to that of the cells not excavated.
Conclusion
In this paper, a comparison between the costs of vertical wall has been traced. Vertical transparent walls, made with DSSC and laminated silicon cells, show costs greater than a traditional vertical PV systems, suggesting that better technologies have to be developed in order to perform a competitive answer to already used technologies.   
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Current [A]



49.161701000000001	48.66	48.158400999999998	47.656798999999999	47.155101999999999	46.653500000000001	46.151901000000002	45.650199999999998	45.148601999999997	44.646999000000001	44.145302000000001	43.643700000000003	43.142100999999997	42.6404	42.138801999999998	41.637199000000003	41.135502000000002	40.633899999999997	40.132300999999998	39.630600000000001	39.129002	38.627398999999997	38.125701999999997	37.624099999999999	37.122501	36.620800000000003	36.119202000000001	35.617598999999998	35.115898000000001	34.6143	34.112701000000001	33.610999999999997	33.109402000000003	32.607799999999997	32.106098000000003	31.604500000000002	31.102900000000002	30.601299000000001	30.099599999999999	29.597999999999999	29.096399000000002	28.5947	28.0931	27.591498999999999	27.0898	26.588200000000001	26.086599	25.584900000000001	25.083300000000001	24.581699	24.08	23.578399999999998	23.076799000000001	22.575099999999999	22.073499999999999	21.571898999999998	21.0702	20.5686	20.066998999999999	19.565300000000001	19.063700000000001	18.562099	18.060400000000001	17.558800000000002	17.057199000000001	16.555499999999999	16.053899999999999	15.552300000000001	15.050599999999999	14.548999999999999	14.0474	13.5457	13.0441	12.5425	12.040800000000001	11.539199999999999	11.037599999999999	10.5359	10.0343	9.5327000000000002	9.0310000000000006	8.5294000000000008	8.0277999999999992	7.5260999999999996	7.0244999999999997	6.5228999999999999	6.0212000000000003	5.5195999999999996	5.0179999999999998	4.5163000000000002	4.0147000000000004	3.5131000000000001	3.0114000000000001	2.5097999999999998	2.0082	1.5065	1.0048999999999999	0.50329999999999997	1.6000000000000001E-3	-0.5	-0.63280941527199996	-4.3356059999999995E-2	0.5228076012559999	1.0474487852209999	1.554798023144	2.0203764710000001	2.4454507782870003	2.8561047629999998	3.2332268350259996	3.5946191834880001	3.91237738975	4.2245355851999999	4.5091692544189996	4.7690302571999998	5.0211332299139997	5.2441219396520005	5.4507830990160002	5.640432292899999	5.8205080109329996	5.9749866702000007	6.124980070066	6.2586043229749997	6.3796499670640001	6.4843631386	6.5761396846469999	6.6648391168000005	6.7348586433239994	6.7965858587789993	6.8562035050100008	6.8957223888000003	6.9382845944930001	6.9656108620000001	6.9836668356540006	7.0004707585999988	7.0017620640360008	7.0030199235000001	6.9925539780000001	6.9795442759200004	6.9546931776000003	6.9340122539999998	6.9062921702409996	6.8655302805999998	6.8199933283999998	6.7786794743199996	6.7264244297999998	6.6707666744000003	6.6149876012220004	6.5494529661000005	6.4832554677000003	6.4113741514810005	6.3353757599999998	6.2557267743999994	6.1700206718310007	6.0796550307999997	5.9954495554999996	5.9022657134909995	5.8098337374	5.7068609129999999	5.6030071257849992	5.4979275612	5.3931588573999996	5.2867271024869993	5.1745032644000011	5.0609026887999997	4.9449502188960004	4.8281135759999998	4.7068108331999996	4.5855645504	4.4620965337999996	4.3323139259999994	4.2011418705999999	4.0748039282999997	3.9413400355000001	3.8074263850000003	3.6711074712000005	3.5322875903999997	3.3947573687999997	3.2514419553999998	3.1139543533	2.9689117515000003	2.8247884280000002	2.6781377766000003	2.5323454265999996	2.3815440317999998	2.2306299749999998	2.0789395505999999	1.9270669964000002	1.7726416183999998	1.616804618	1.4601694693000002	1.3041030304000001	1.1448209232	0.98474887980000003	0.82329220380000001	0.66092874299999993	0.49766474249999998	0.33280579669999999	0.16728635069999997	5.3352800000000002E-4	-0.16734499999999999	Voltage [V]


Power [W]




50.439200999999997	49.924702000000003	49.410198000000001	48.895598999999997	48.381100000000004	47.866501	47.352001000000001	46.837502000000001	46.322899	45.808399000000001	45.293900000000001	44.779300999999997	44.264800999999999	43.750197999999997	43.235698999999997	42.721198999999999	42.206600000000002	41.692101000000001	41.177601000000003	40.662998000000002	40.148499000000001	39.633899999999997	39.119399999999999	38.604900000000001	38.090302000000001	37.575802000000003	37.061298000000001	36.546700000000001	36.032200000000003	35.517600999999999	35.003101000000001	34.488602	33.973998999999999	33.459499000000001	32.945	32.430401000000003	31.915899	31.401299999999999	30.886800999999998	30.372299000000002	29.857700000000001	29.343201000000001	28.828600000000002	28.3141	27.799600999999999	27.285	26.770499999999998	26.256001000000001	25.741399999999999	25.226900000000001	24.712299000000002	24.197800000000001	23.683299999999999	23.168699	22.654199999999999	22.139700000000001	21.625098999999999	21.110600000000002	20.596001000000001	20.081499000000001	19.566998999999999	19.052401	18.537901000000002	18.023399000000001	17.508800999999998	16.994301	16.479700000000001	15.965199999999999	15.450699999999999	14.9361	14.4216	13.9071	13.3925	12.878	12.3634	11.8489	11.3344	10.819800000000001	10.305300000000001	9.7906999999999993	9.2761999999999993	8.7616999999999994	8.2470999999999997	7.7325999999999997	7.2180999999999997	6.7035	6.1890000000000001	5.6744000000000003	5.1599000000000004	4.6454000000000004	4.1307999999999998	3.6162999999999998	3.1017999999999999	2.5872000000000002	2.0727000000000002	1.5581	1.0436000000000001	0.52910000000000001	1.4500000000000001E-2	-0.5	-1.4171E-2	-2.4000000000000001E-4	1.3084999999999999E-2	2.5963E-2	3.7978999999999999E-2	4.9451000000000002E-2	6.0270999999999998E-2	7.0862999999999995E-2	8.0640000000000003E-2	9.0064000000000005E-2	9.9164000000000002E-2	0.107373	0.115494	0.12314	0.13062699999999999	0.13761599999999999	0.14421600000000001	0.150643	0.15684799999999999	0.162939	0.168631	0.17394799999999999	0.17918600000000001	0.18414	0.18889800000000001	0.193276	0.19782	0.20222799999999999	0.20628099999999999	0.210287	0.21410999999999999	0.217746	0.221247	0.224826	0.22831599999999999	0.23155300000000001	0.23455200000000001	0.23752599999999999	0.240619	0.24345800000000001	0.24626000000000001	0.24901899999999999	0.25154399999999999	0.254108	0.25685599999999997	0.25925199999999998	0.26138800000000001	0.263789	0.26604800000000001	0.268181	0.270455	0.272451	0.27463199999999999	0.27625499999999997	0.27826299999999998	0.28006500000000001	0.28200700000000001	0.28388200000000002	0.28549400000000003	0.28728900000000002	0.28885	0.29064000000000001	0.29218699999999997	0.29380699999999998	0.29505799999999999	0.29694500000000001	0.29853200000000002	0.29993199999999998	0.301147	0.30235099999999998	0.304066	0.30525200000000002	0.30593199999999998	0.30764599999999998	0.30859799999999998	0.309257	0.31059300000000001	0.31176799999999999	0.31262899999999999	0.313778	0.31504500000000002	0.31573899999999999	0.31693199999999999	0.31764999999999999	0.31857799999999997	0.319635	0.32037599999999999	0.321517	0.32229200000000002	0.32309100000000002	0.32398900000000003	0.32473800000000003	0.32580700000000001	0.32664399999999999	0.32735399999999998	0.32839000000000002	0.32917999999999997	0.330015	0.33082800000000001	0.33142300000000002	voltage [V]


Current [A]




50.439200999999997	49.924702000000003	49.410198000000001	48.895598999999997	48.381100000000004	47.866501	47.352001000000001	46.837502000000001	46.322899	45.808399000000001	45.293900000000001	44.779300999999997	44.264800999999999	43.750197999999997	43.235698999999997	42.721198999999999	42.206600000000002	41.692101000000001	41.177601000000003	40.662998000000002	40.148499000000001	39.633899999999997	39.119399999999999	38.604900000000001	38.090302000000001	37.575802000000003	37.061298000000001	36.546700000000001	36.032200000000003	35.517600999999999	35.003101000000001	34.488602	33.973998999999999	33.459499000000001	32.945	32.430401000000003	31.915899	31.401299999999999	30.886800999999998	30.372299000000002	29.857700000000001	29.343201000000001	28.828600000000002	28.3141	27.799600999999999	27.285	26.770499999999998	26.256001000000001	25.741399999999999	25.226900000000001	24.712299000000002	24.197800000000001	23.683299999999999	23.168699	22.654199999999999	22.139700000000001	21.625098999999999	21.110600000000002	20.596001000000001	20.081499000000001	19.566998999999999	19.052401	18.537901000000002	18.023399000000001	17.508800999999998	16.994301	16.479700000000001	15.965199999999999	15.450699999999999	14.9361	14.4216	13.9071	13.3925	12.878	12.3634	11.8489	11.3344	10.819800000000001	10.305300000000001	9.7906999999999993	9.2761999999999993	8.7616999999999994	8.2470999999999997	7.7325999999999997	7.2180999999999997	6.7035	6.1890000000000001	5.6744000000000003	5.1599000000000004	4.6454000000000004	4.1307999999999998	3.6162999999999998	3.1017999999999999	2.5872000000000002	2.0727000000000002	1.5581	1.0436000000000001	0.52910000000000001	1.4500000000000001E-2	-0.5	-0.71477391737099993	-1.1981928480000001E-2	0.64653244082999994	1.269476436837	1.8374657969000001	2.3670463409510001	2.8539524522709998	3.3190459042259999	3.7354785753600002	4.125687647536	4.4915242996	4.8080878862729994	5.1123189266939999	5.3873993817199999	5.6477496532729994	5.8791205215839994	6.086867025600001	6.2806231709430005	6.4586243616479999	6.6255882311220002	6.7702815348690004	6.8942376371999989	7.0096488084000006	7.1087062860000003	7.1951818671960011	7.2625007073520012	7.33146597036	7.3907660475999997	7.4327582482000008	7.4688897614869996	7.4945139551100004	7.5097551310919997	7.5166453567530001	7.5225653221740005	7.5218706199999996	7.5093566427530014	7.4859379422480004	7.4586251837999997	7.4319511698189995	7.3943791699420007	7.3527572020000003	7.3070145698189997	7.2516613583999998	7.1948393228	7.1404943144559994	7.0736908199999995	6.9974874539999998	6.9260442477890001	6.8484479872000001	6.7653752689000006	6.683564826045	6.5927148078000002	6.5041920455999991	6.4004689422449994	6.3038256545999998	6.2005550805000009	6.098429293693	5.992919349200001	5.8800347094940006	5.7691937662110009	5.6519276611499993	5.5373898266400001	5.4165336794870003	5.2954007899929998	5.1661118054579989	5.0463727104450005	4.9197178004000008	4.7884743663999991	4.6529319528999995	4.5159447711	4.3851182256000003	4.2451700892000002	4.0971943099999999	3.9618651879999995	3.8153205132000001	3.6643552673000004	3.5203852992000004	3.3732674064000001	3.2217356337000003	3.0721062645999999	2.9224204289999998	2.7664103962999995	2.6137698971999996	2.4562603899999997	2.2995278617999997	2.1426732225	1.982807064	1.8244160648000001	1.6629944908000003	1.5008869314000002	1.3383337612000001	1.1743500294	1.0105881526	0.84509335679999997	0.67850663580000004	0.51166445900000002	0.34353224799999998	0.17461093650000001	4.7970060000000004E-3	-0.16571150000000001	Voltage [V]


Power [W]
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