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SUMMARY 

In medium-long term perspective, the anthropogenic atmospheric pollution, due to fossil fuel burning, could be 
contained by massively using renewable energy. Significant improvements are expected to arise from diffusion 
into use of large scale PV power systems, specially in the field of grid-tied applications. Unfortunately, the 
casual intermittence ofPV power generation introduces both an upper limit in the expansion of this market and a 
depreciation of PV kWh value. The quantitative definition of these drawbacks depends on statistical local 
parameters, as power demand diagram and sun radiation profile, so the exact figures can be determined only for 
each single case. Considering the situation in Italy as a typical study case, a limit can be individuated, which 
makes that PV contribution to annual electric energy balance can reach a maximum of about 7%. Such a figure 
corresponds to about 2% in terms of contribution to total energy balance. Thus, the intermittent energy sources 
are destined, in Italy, to be confined to a role, just significant (7%) in the electric energy sector, but quite 
marginal (2%) with reference to expected environmental massive benefits. Apart from numerical results, this 
disappointing concept can be applied in general to all OCSE countries, which globally produce the largest 
amount of world pollutant energy. Consequently, if photovoltaics wants to acquire a real environmental 
consistence, the limit of PV system diffusion has to be overcome. This can be attained by implementing the 
present grid-tied reference model for PV system diffusion by including an Hydrogen production and storage 
system. 

RIASSUNTO 
In una prospettiva di medio-lungo termine, i inquinamento atmosferico antropogenico dovuto alla 
combustione degli idrocarburi fossili potrebbe essere contenuto mediante l'uso estensivo delle fonti 
rinnovabili. Significativi miglioramenti nella qualità dell'ambiente sono attesi dalla diffusione nell'uso dei 
grossi impianti fotovoltaici, specialmente nel campo dei sistemi connessi direttamente alla rete elettrica 
preesistente. Purtroppo, l'intermittenza casuale della generazione di potenza fotovoltaica dà luogo a due 
fenomeni indesiderati: da un lato essa introduce un severo limite tecnico alla espansione del fotovoltaico 
nel mercato, dall'altro lato essa determina un deprezzamento del kWh generato, cosa che scoraggia gli 
investimenti nel settore. La definizione quantitativa di questi inconvenienti dipende d>* molti parametri 
statistici locali, come il profilo temporale dell'insolazione e del carico nel sito prescelto, cosicché l'esatta 
determinazione può essere fatta soltanto per ciascun singolo caso. Considerando la situazione in Italia come 
caso di studio, si dimostra che il massimo contributo fornibile dal fotovoltaico si aggira intorno al 7% del 
fabbisogno elettrico nazionale. Questa cifra, riportata in termini relativi al bilancio energetico generale, 
corrisponde a circa il 2%. Da ciò segue che le fonti rinnovabili intermittenti in Italia sono confinate in un 
ruolo da considerare integrativo per il bilancio elettrico, ma del tutto marginale per il bilancio energetico. 
Poiché è da quest'ultimo che deriva la maggior parte dell'inquinamento, la irrilevante consistenza del 
contributo rinnovabile finisce per vanificare tutte le attese di risanamento ambientale. A prescindere dal 
risultato numerico, si può dimostrare che le stesse considerazioni possono essere estese a tutti i paesi 
dell'OCSE, che attualmente producono la parte più rilevante di inquinamento nel mondo. In conclusione, se 
il fotovoltaico vuole effettivamente acquisire una consistenza ambientale, i limiti alla sua diffusione devono 
essere rimossi. Ciò può essere ottenuto rivedendo l'attuale strategia di sviluppo e completando il modello di 
sistema in collegamento diretto alla rete elettrica, oggi adottato, con un opportuno sistema di produzione ed 
accumulo dell'energia solare sotto forma di idrogeno. 
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SOME CONDITIONS FOR A SIGNIFICANT CONTRIBUTION FROM PHOTOVOLTAICS 
TO SUSTAINABLE DEVELOPMENT 

1 - INTRODUCTION 

The experts generally agree about the anthropogenic origin of atmospheric pollution increasing. 
The fossil fuel burning for energy production is mainly deemed responsible for present 
enhancement of atmospheric concentration of pollutants as CO, C02, NOx, SOx, etc. [1]. 
In order to justify this assumption without using complicated discussions, it is sufficient to 
consider the tight correlation among world population, fossil fuel consumption and C02 
atmospheric concentration increasing. The fig. 1 makes this concept visible. 
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Fig. 1 - Correlation among population increase, hydrocarbon consumption and atmospheric C02 
concentration. 

In the figure we have graphically shown world population increasing versus time. The data, 
reported from references [2,3], were normalized to the consolidated value of year 1990. The 
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corresponding normalized values for C02 concentration [4,5] and world fossil fuel consumption 
[6] of the last 20 years have been plotted on the same figure. We can easily see both the C02 
concentration points and the hydrocarbon consumption ones, all go to place very close to 
population curve. Starting from 'SO years of this century, die fitting becomes nearly perfect in 
correspondence to taking-off of the present 'oil era'. 
As a general consequence of the previous correlation, we can accept the fact that the human 
development process (population and welfare growth) is fed with energy consumption. 
Therefore the continuity of die development will require ever larger quantity of energy. 
On the other hand, concerning the fossil fuel burning and die environmental consequences, it is 
becoming evident that die present energy technology is meeting the world limits. Apart from die 
fuel field depletion question, furdier relevant increase in energy world production will require a 
consistent requalification process of die energy technology in order to make it cleaner and more 
compatible with die environmental standards. This should be achieved by "internalizing" the 
production extra-costs, which in turns will tend to contrast die increasing trend of the energy 
consumption. In conclusion, the human development process shall move between two 
contrasting boundary conditions: on one side, there is the necessity of having ever larger quantity 
of energy in order to supply die development, on die other side, tiiere are die environmental 
constraints, which tend to decrease the energy consumption because of production cost 
increasing. 
Sustainable development means to properly account for bodi previous conditions. 
Thus, it is clear that the sustainable development implies to cope with energy cost higher than 
present one. In such a frame, in addition to a general more efficient use of conventional energy, 
the renewable energy sources can play a competitive role, overall because their clean 
environmental characteristics make allowable their inherently higher energy costs. 
If we accept the previous conclusion, we shall expect in die future a very consistent contribution 
to world energy production will come from renewable energy sources, in particular from 
intermittent ones, photovoltaics and wind energy, which produce directly electricity, the mo.t 
prized form of energy. 
In the frame of die sustainable development, the present paper intends to discuss the conditions, 
which could lead die intermittent renewable energy sources (mainly photovoltaics) to supply a 
relevant contribution to world energy production, i.e. die conditions for photovoltaics can 
become a relevant energy option. 

2 - THE PRESENT REFERENCE MODEL FOR PV PLANT DIFFUSION 

The present development strategy for PV systems is based on perspectives of massive 
penetration in the bulk market of central power stations following the achievement of energy cost 
effectiveness. This process is schematically summarized in fig.2, where the well known 
diffusion model for PV applications [7] is reported. 
The market expansion is likely to occur through four successive phases: starting from the first 
one of die early applications of small systems and consumer products, the cost reduction process 
will be able to attain die competitiveness in die final sector of julk power applications through die 
progressive expansion into intermediate market of grid support, village power and rooftop 
applications and peaking power plants. 
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Fig. 2 - Diffusion model of PV applications into power market (the time is on x-axis). 

Without considering here how this can happen, we shall assume a future scenario where 
photovoltaics has already run along its learning curve and reached the energy cost effectiveness, 
so large scale PV systems can be used to implement the bulk production of electricity. Let us 
assume, as well, that the most important part of bulk PV power market is made by grid tied 
central power stations, as the present trend lets foresee for industrialized countries, where the 
largest part of world electricity consumption is concentrated. In addition, we have to remember 
that, for economic reasons, the present diffusion model considers that PV power systems directly 
grid tied, without any kind of expensive solar energy storage, appear as the most important 
application in the bulk power market 
The fig.3 schematically shows this technical reference solution. 
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The intermittent PV energy goes to add to the primary electric energy flow, which is generated by 
conventional power plants and transmitted to the load. 
The results of analytical projections, carried out on this reference system [8], have shown a real 
consistency of the model with the conditions for achieving the cost-effectiveness of PV energy 
production. In addition, when accounting for environmental benefit too, the confidence margin 
of projections is strongly increased. As a consequence, the reference model of fig.2 is judged 
suitable for achieving such a wide PV market size that large production capacity can be justified 
in accordance with low cost goals. This, in turn, assures a growing trend of PV industry in the 
electric energy market and makes possible for photovoltaics to reach an interesting business 
volume. 
Nevertheless, when considering the more general point of view of photovoltaics as a massive 
energy source, the assumed technical reference model becomes unsuitable to the aim. As a matter 
of fact, the casual intermittence of power generation gives rise to serious drawbacks, which 
could limit the expansion process of PV technology into general energy market. As a 
consequence, in spite of superabundant solar energy potential, only a limited amount of PV 
energy can be utilized in practice. Therefore, photovoltaics could be prevented from becoming a 
relevant energy option and, consequently, fror causing noticeable environmental benefits [8]. 
In the following, we want to discuss these aspects of the reference model, showing the 
drawbacks arising from the casual intermittent nature of PV power generation. 

2.1-Technical limit 
Referring to fig.3, we can note that the grid supplies the load with highly reliable electricity. Of 
course, this energy quality has to be contractually kept during the time even when PV intermittent 
energy is supplied. 
Owing the casual nature of PV power generation, the added PV energy flow can statistically 
break off any time in dependence on sudden changes of weather conditions. In such event, the 
grid can suddenly loss PV power. Consequently a power transient is generated, which travels 
into electric network, inducing real danger of load loss through the unbalance of grid control 
system. In order to keep unchanged the reliability level of power supply to load, the grid control 
system must be able to quickly compensate the system perturbation, so the frequency of output 
voltage and power level can remain unchanged. According to system control theory, the recovery 
ability of grid control system can be effective if the power transient amplitude is small with 
respect to instantaneous value of grid power level. As a consequence, in order not to affect the 
primary generating system reliability with the intermittence of PV power, only a limited amount 
of PV power systems can be accepted by the grid in direct connection. The acceptance limit 
depends on many factors, in large part related to local particular situation, as statistical behaviour 
of load and sun radiation profiles, power generator types and their operative configuration, 
power dispatching system, concentrated or diffused model for siting PV power systems on 
territory, etc. As a consequence, the definition of this subject can be afforded only referring to 
each single case, on the base of an exact knowledge of all previous factors. Presently, some 
typical examples, which have been investigated [9,10,11,12], have shown that this limit can 
range from 10% to 30% of total power of conventional generators, which are in action in the 
grid at the moment of PV power injection. Beyond this share, the grid reliability can deteriorate 
unless expensive management measures are taken. 

In the following, we shall refer to Italy situation, as a typical study case, for which we know 
quite well the specific parameters. In this case the grid acceptance limit can be situated around 15-
20% of active grid power capacity [9]. 
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Apart from the particular percentage value, it is in general important to put in evidence the 
existence of a technical limit, which actually prevents the grid-tied PV-systems from penetrating 
into a given grid beyond a fractional limit. Since this application is going to be the most 
consistent one with respect to PV system market, the previuos subject can be easily extended to 
bulk power market, so finding that grid-tied PV-systems can not diffuse in this market beyond a 
fractional limit. As we shall see in the following, this has noticeable effects on the 
selfconsistency of assumed diffusion model. 

2.2 - PV kWh depreciation 
Always referring to fig.3, it is generally accepted that the value of PV kWhs supplied to die grid 
can be estimated on the base of avoided cost method. In other words, the PV kWh entering the 
grid has got a total value equal to the sum of the costs, which the grid management avoids by 
using the PV power for supplying the load. 
In accordance with the annual economic grid balance, the kWh production cost can be considered 
as a sum of two contributions [13], respectively related to: 
1 - annualized power capacity cost; 
2 - annualized fuel burning cost 

Therefore, in correspondence of avoiding these costs, PV kWh will have got as many "credits". 
In addition, considering the clean quality of PV energy, a further credit shall be accounted for, so 
the PV kWh value can be in general considered as resulting from the following three "credits": 
1 - power capacity credit; 
2 - fuel saving credit; 
3 - environmental credit 

Concerning the last two items, their respective values are generally estimated considering that the 
supplied PV energy can avoid the production of an equal amount of kWhs by the grid. 
Therefore, when the grid specific costs for fuel and environment were known, the corresponding 
PV kWh credits would be known too. Leaving apart the quantitative definition of these grid 
costs, it is important to notice that "each PV kWh" has got credits corresponding to "each grid 
avoided kWh". With regard to fuel saving and environment credits, the ratio between the two 
energy types is one to one. In other terms, when PV energy is supplied to grid, each PV kWh 
allows to fully avoid the two cost items, so its value is not only held with respect to fuel saving, 
but, in addition, it is also appreciated because of the environment credit 
Regarding the power capacity credit, on the contrary, the situation is quite different. As we shall 
see in the following, the intermittence of PV energy source does not allow the grid tied PV power 
to gain an equal amount of power capacity credit. As a matter of fact, each nominal PV peak kW 
has not an economical value equal to each conventional kW, because PV power is not able to 
substitute in the grid an equal amount of conventional power. For this reason, here we are going 
to discuss this item, which is responsible for a significant depreciation of PV kWh. 
To make quantitative the power capacity credit it is very difficult, substancially because it 
depends on the istantaneous configuration of conventional generators, which are present in the 
grid at the moment of PV power supply. As a matter of fact, the energy production cost in the 
grid changes with time according to the mix of generators, which have to be activated for meeting 
the hourly load requirements. The fig.4 can help us to better understand this concept by showing 
the situation occuring on the Italian National grid, as typical example of an industrialized country 
which, in principle, is very interested in photovoltaics. 
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Fig. 4 - Relative load profile for a winter working day in Italian National grid [ 13] and 
corresponding PV power profile for a sunny day. 

In terms of relative units, the hourly load profile occurring in a typical working winter day is 
shown [ 14], joined to a PV power generation profile of a corresponding sunny day. 
The grid bears the maximum production cost in correspondence to load profile peaking, typically 
at about nine in the morning and five in the afternoon, when the expensive gas-turbine peak 
generators have to be activated to meet the peak load requirements. Of course, the maximum PV 
power contribution (when statistically present) occurs in correspondence of noon, when the load 
profile shows a valley and the grid production cost is lower. As a consequence of this curve 
mismatching, the PV kWhs in general could not gain the maximum in cost avoiding, even if PV 
contribution were fully reliable in time. 
In addition, for the already cited reliability reasons, the statistical naturr of PV power profile does 
not allow to displace an equal nominal amount of conventional power. As a matter of fact, it is 
clear that, since PV power can be casually missing, an equivalent power capacity of conventional 
generators must be kept ready to operate in any case. Therefore, concerning the item of power 
capacity credit, PV power does not allow to fully gain the corresponding cost in the grid. 
Nevertheless, it can be demonstrated that grid tied PV systems, when their amount is kept within 
the fractional limit of previous section, are able to indirectly reduce the conventional power 
capacity cost through induced improvement effects on grid reliability [IS]. The definition of this 
subject is still matter of great discussion. Concerning the amount of PV power capacity credit to 
be aknowledged, the expert positions presently ranges from the worst case of none capacity 
credit to the best one of a value equal to a fraction of nominal PV system peak power. At any 
rate, it is important to notice that, even in the best case, the PV power capacity credit has got only 
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a fractional value with respect to that, corresponding to nominal system peak power. The exact 
value of the percentage depends again on the degree of statistical matching between daily sun 
radiation profile and load diagram, as well on the mix of grid conventional generators, die 
wanted level of grid reliability, etc. As a consequence, the definition of this item can be achieved 
only on the base of the specific case. However, according to some published data [16,17], which 
can be considered valid also for our study case, we shall accept, as a suitable value, a power 
capacity credit corresponding to save an amount of conventional power generators in die order of 
10 - 20% of all grid-tied PV peak power. 

2.3 - Seasonal mismatch 
With the exception of equatorial countries, the yearly sun energy diagram shows a maximum in 
summer and a minimum in winter. At latitudes of temperate countries like Italy, the difference 
between maximum and minimum can reach a factor of 3. In tiieese countries, generally, the 
yearly load profile of the grid has a maximum in winter and a minimum in summer. (The summer 
load peaking due to air conditioning is not yet judged significant in theese countries, even if the 
situation is evolving in this sense). So the yearly PV energy production diagram results 
completely out of the phase. This seasonal mismatch has a negative consequence in sizing PV 
system because, if the design accounts for the high load requirements in winter, there will be an 
excess of PV energy production in summer. On the contrary, if the PV system sizing is 
performed in order to meet the low requirement of summer load, the PV energy contribution in 
winter, when it could be more appreciated, will be negligible. Thus, it is clear that this seasonal 
phase-displacement produces a further depreciation of PV kWh value. 

Concluding this section, we want to remark in general that die casual intermittence of PV power 
generation leads to two negative effects: 
1 - a limit about the amount of PV power systems, which can be tied to die grid, due to necessity 
of preserving die required high value of grid reliability; 
2 - a depreciation of PV energy supplied to the grid, due to die loss in power capacity credit, 
consequent, in addition to intermittence, also to hourly mismatch between daily PV generation 
and load profile, seasonal phase-displacement between yearly PV energy production diagram and 
yearly load profile. 
Summarizing the concept in a simple popular manner, in spite of its undeniable environmental 
credit, the PV energy has a value lower than conventional energy because: "The PV power there 
is when it wants and there is not when we want it". 

3 - CONSEQUENCE OF THE DRAWBACKS 

With reference to world sustainable development and considering the future scenario, when PV 
energy will have achieved the cost effectiveness, great expectation is generally put upon two 
aspects of renewable energy sources: 
1 - the wide energy availability (specially solar energy), which implies die possibility of drawing 
off as large amount of energy as die human development process will require; 
2 - the relative cleanliness of die energy production technology, which can feed the development 
process in a way compatible with ever more pressing environmental requirements. 
Unfortunately, the intermittence of PV power generation can lead to disregard this expectation 
because of the negative effects summarized at the end of previous section. 
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In order to explain this assertion, let us firstly consider in detail the consequence of above 
discussed drawbacks for our Italian study case. 
The PV kWh depreciation effect appears to negatively reinforce the found limit for PV system 
penetration into final bulk power market, so the assumed percentage of 20% has to be judged as 
a very probable upper limit. At any rate, let us consider the best case and suppose that PV 
systems can be easily grid tied up to saturate this power capacity level. In this condition, the total 
PV peak power, which can be directly connected to the grid, will reach the upper limit of 20% of 
the active power capacity of the grid. Let us now account for the different energy production 
capacity factors: that means « 0.60 for conventional power plants in the grid, equivalent to an 
average productivity of 5250 kWh/kW per year at full power operations, and - 0.20 for PV 
power systems placed in Italian solar sites, corresponding to an equivalent productivity of 1750 
kWh/kW per year at peak power operations. Thus, going from power to annual produced electric 
energy, a simple computation shows that the assumed 20% maximum share of grid tied PV 
power plants supplies an energy contribution amounting to about 7% of the conventionally 
produced grid elecricity. 
This is a significant result in terms of energy amount, which PV systems can lead to the 
electricity balance of the grid. On the contrary, concerning the general energy balance of the 
country, the relative weight of the PV contribution is quite insignificant. As a matter of fact, in 
Italy, the whole electricity production, arising from non-renewable energy sources (that is, 
excluding the hydro-geo-electric production), weights on the total energy balance for * 30% 
[18]. As a consequence, owing the meaning of the previous computation, the PV energy 
contribution to the national energy balance will be, as a maximum, in the order of about 2%. 
Therefore, the environmental benefits, which can be expected to arise from large scale PV system 
diffusion, will be in the same order as well, that is, very marginal with respect to the amount of 
environmental damages related to total energy production. 
An attempt of generalizing this result, acquired for Italy, can be systematically performed for 
other industrialized countries by properly accounting for the different situation about solar data, 
electric production system and national energy balance structure. For concision sake, it is more 
convenient to make a conceptual exercise, which can aid to reach quickly a quite general point of 
view. So, let us imagine an ideal PV-favourite country, in which the various parameters assume 
the most favourable values and try to repeat the computations in this case. In other terms, let us 
consider an ideal case of an industrialized country, where the grid can accept a very large amount 
of PV intermittent power without reliability deterioration, where the annual insolation can reach 
the highest value and the electric energy production from non-renewable energy sources 
(excluding hydro-geo-electricity) can be considered very significant in the energy balance. 
Since in the OCSE countries an important share (52% in the year 1991) of world energy 
production is concentrated [18], let us refer to these countries in assembling our ideal case. In 
practice, such an ideal country can be imagined choosing the best parameters from the list of 
OCSE countries. As a consequence, let us assume for insolation the highest one of South-West 
of USA, corresponding to a PV system productivity of * 2400 kWh/kW per year. In addition, let 
us suppose that the grid penetration limit for PV systems can be doubled up to reach 40% of grid 
power, while the conventional power plants keep their annual productivity at 5250 kWfi/kW. At 
last, concerning the share of non-renewable electric energy production with respect to whole 
energy balance, let us consider the highest among OCSE countries, that is the 50% one of 
Denmark [18]. (See the following fig. 5) 
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Fig. 5 - Percentage of electricity production ft m non-renewable energy sources in year 1991 for 
OCSE countries with respect to total energy production [18]. (Only the 16 highest values are 

represented). 

Now, let us repeat the previous calculation for our ideal PV-favourite country: we obtain a 
maximum allowable contribution from photovoltaics of about 18% in terms of electric energy, 
which corresponds to a contribution to total energy balance of about 9%. 
Therefore, even in this optimistic case, PV energy contribution can not be considered, in relation 
to the environmental crisis, as decisive as expected from the diffusion of this technology. In 
addition, since the ideal example represents, in absolute, the best case for PV system diffusion 
into industrialized countries, which produce the largest part of energy and pollution in the world, 
the previous disappointing result can be considered quite general. 
Before passing to investigate how this conclusion can be overcome, it is useful to remember that 
both the technical diffusion limit and the PV kWh depreciation arise from the casual intermittence 
of solar energy source. In addition, the disappointing result is reflecting the fact that 
photovoltaics can be applied exclusively in the field of electric production, while the largest part 
of world energy needs is in the field of thermal applications and transportations. 

4 - IMPLEMENTATION OF REFERENCE MODEL 

If photovoltaics wants to become a significant energy option, firstly it has to eliminate the market 
diffusion limits discussed in previous sections so that the PV technology can fully penetrate the 
bulk power market, secondly it should be able to gradually enlarge its role, arriving to compete 
with fossil fuels in all other energy uses. This implies that PV energy should acquire the same 
positive attributes, which characterize the present conventional energy system based on fossil 
fuel consumption, as for example: 
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• easy energy storage capability for long time; 
- easy energy carriage capability on long distance; 
- large flexibility in the use. 
Concerning the PV system penetration limits, let us remember they essentially arise from the 
energy source intermittence, which, as we have seen, can not be compensated by the assumed 
technical model of fig.3. The overcoming of this drawback would have, as a first result, the fact 
that photovoltaics would become able to fully expand into bulk power market. In this way, the 
environmental credit of total installed PV power could reach a more significative size. 
Regarding the PV system expansion in other uses different from electric applications, mis has to 
be considered in perspective as a necessity arising from the fact that in general the largest world 
energy consumption is in thermal and transportation sectors, where the largest part of 
atmospheric pollution occurs. It is there, where the renewable energy sources have their big 
chance in order to lead a massive environmental contribution. 
Summarizing, the present PV system diffusion strategy, which is based on the technical model of 
direct grid connection, includes a limitation inside, which prevents PV technology to grow up to 
realize a real energy option, i.e. a solution able to be alternative to conventional energy sources. 
This last is the only way for the environment can largely benefit from the cleanliness of 
intermittent renewable energy sources. Otherwise, in spite of large clean energy availability, solar 
energy will be confined to a marginal integrative role. 
As a consequence, it is necessary to implement the technical reference model, designing a more 
complete one, which allows PV technology to overcome the market expansion limits and, in 
addition, to acquire the previously listed characteristics in order to enter the competition with 
fossil fuels. 
According to results of several analyses, performed about this subject [19,20], a more suitable 
model can be schematically indicated as in the following fig.6. 
The old reference model has been implemented introducing an intermediate energy storage stage. 
The energy storage is achieved by transforming the intermittent PV energy in chemical Hydrogen 
energy through a stage of water electrolysis. The stored Hydrogen can be used in delayed time 
(seasonal as well) to supply a fuel cell and/or a backup modified conventional generator, which 
in turn can supply the load with stable and reliable electric energy. The excess stored Hydrogen 
can go to substitute part of fossil fuel, which supplies the grid of conventional generators, and/or 
can be carried to even very far sites to supply energy to all other energy applications. 
The introduction of the Hydrogen storage stage along the PV energy line makes the electric 
energy output from the fuel cell stage is not intermittent any more. Therefore, the load can be 
supplied with completely reliable energy coming from PV power system. The limits, arising 
from daily intermittence and seasonal phase-displacement of PV power, can be considered over. 
With respect to the reliability of power supply, PV-Hydrogen system can be judged as fully 
equivalent to fossil fueled central power stations. The technical feasibility of this solution was 
positevely discussed in above cited references and a detailed study was applied to a practical case 
of a stand-alone system, able to completely power a community living on a small mediteranean 
island [21]. 
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Fig. 6 - A suitable technical reference model for future strategy of PV technology diffusion into 
energy market. 

Without coming in other details, about which the references can be exaustively consulted, let us 
just remember three points: 
1 - The choice of Hydrogen as the most convenient mean to store and carry PV energy is nearly 
obliged by the environmental constraints. As a matter of fact and in principle, the Hydrogen cycle 
is completely compatible with the environment, because the Hydrogen is the only fuel, which, 
when properly burned, produces only water in the same quantity as it arised from. For this 
reason, the Hydrogen appears as the ideal mean to match with the clean characteristics of 
renewable energy sources. 
2 - The Hydrogen as a fuel is compatible with all present energy applications, internal 
combustion engines included. 
3 - The present electrolytic Hydrogen technology is already nearly mature to be used in 
connection with PV power production. It needs only some small adjustments and developments. 

5 - SOME ECONOMIC CONSIDERATIONS 

Of course, the addition of Hydrogen storage line to PV system makes necessary to review all the 
economic goals about the PV energy cost effectiveness, accounting for added costs. However, 
the acquired reliability in power supplying can aid in recovering the extracosts. In fact, going 
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back to fig. 6, we want to notice that, now, PV electric energy supplies the load through two 
ways: directly from PV system when the sun power is present and from Hydrogen 
transformation line when sun power is missing. An automatic control system manages the energy 
flows so the load can be supplied with power in the same reliability conditions as the 
conventional power ones. That is, the PV energy now is present exactly "when we want it". In 
addition, owing the Hydrogen an excellent energy carrier, we can have PV energy also "where 
we want it". As a consequence, the PV kWh depreciation, above discussed, ca.. t considered 
fully recovered. In particular, the H2-PV power is able to steadily substitute a consistent part of 
conventional power, so the kWh value can noticeably gain in power capacity credit with respect 
to the model of fig.3. This consistent recovered value can be joined to the environmental one in 
order to compensate the system extra-costs, which are added by the Hydrogen production, 
storage and re-use line. 
A perspective analysis, performed in this sense [22] for Italy, has shown that, due to Hydrogen 
line, the H2-PV kWh cost is expected to increase of a factor about 3. Therefore, when PV 
systems will achieve their goals of cost effectiveness, still the H2-PV energy will cost about three 
times. Thus the question is about if and how the incremental cost can be recovered. As matter of 
fact, the only gain in power capacity credit is not enough. As a consequence, the aknowledgment 
of a suitable environmental credit has to be considered of paramount importance. 
On the other hand, the recent studies about the environmental and social cost of conventional 
energy production technology [13,23,24], specially those performed accounting for the entire 
production cycle, fuel supply included, are demonstrating that the present internal production 
cost of conventional energy is noticeably underestimated with respect to real one, which accounts 
also for the externalities. The first conservative evaluations, reported in the cited references, 
show the real cost of energy has to be considered a factor from 2 to 4 over the present internal 
cost. Therefore, it seems likely the H2-PV energy extra-cost can be fully compensated through 
the achievable environmental credit arising from the cleanliness of the renewable source. The 
probability that this condition takes place is continuously enhancing in the time with the 
increasing of needs of environmental quality. 

6 - CONCLUSION 

The general problem of checking the real consistence of renewable energy benefits in front of 
environmental world crisis requires a precise siting of the analysis, essentially because the 
renewable energy production and power demand data are strongly dependent on the site. As a 
consequence, the discussion was performed with particular reference to Italy situation. The 
analysis of other cases would lead to different numerical results, but not so much different from 
ours that no general conclusions can be drawn. The discussion of an ideal best case has 
demonstrated that the following conceptual results can be generalized at least to other situations 
regarding industrialized OCSE countries: 
- The only condition of reaching the energy cost effectiveness is not sufficient for intermittent 
renewable energy sources could acquire a share of bulk energy market as large as the 
environmental crisis would require. As a matter of fact, the clean quality of renewable energy can 
be extensively exploited only if the drawbacks due to intermittence are suitably eliminated. 
- The overcoming of intermittence limits requires that the technical reference model for PV 
system diffusion is implemented with the addition of a suitable energy storage system, in order to 
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lead the PV technology out of the marginal role, to which the intermittence would tend to confine 
it. 
- The electrolytic Hydrogen production appears to be in perspective as a valid and cost-effective 
energy storage technology. In particular, we shall be able to fully profit by the superabundant PV 
energy potential only if, in addition to large diffusion into bulk power market, we shall be able to 
lead PV technology to compete, through H2 storing and carrying, in more general market of 
thermal energy, i.e. to gradually substitute the polluting fossil fuels in all other applications. 
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