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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 

This paper is focused on the ongoing studies at the Ottana Solar Facility, a new experimental power plant located in Sardinia (Italy). 
The facility consists of a 630 kW CSP plant and a 400 kW CPV plant. The CSP section includes a solar field based on linear Fresnel 
collectors using thermal oil as heat transfer fluid and a two-tank direct thermal storage system with a storage capacity of about 15 
MWht. The electricity generation is carried out in the Turboden 6HR Special ORC unit. This paper presents a description of the 
CSP plant characteristics and an analysis of its expected performance. In particular, the results of the simulation activities aimed at 
assessing the influence of different operational strategies on the CSP plant behavior and, particularly, on the ORC performance are 
explained and discussed. The simulation models of the main sections of the CSP plant were developed in accordance with literature 
data and specific information given by the manufacturers. The results provide a useful basis for the future development of the 
management schemes during the experimental campaigns on the CSP plant. 
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1. Introduction 

Solar energy is a clean Renewable Energy Source (RES), which has attracted wide attention in recent years, as it is 
non-exhaustible, pollution-free and exploitable in most parts of the world. Photovoltaic (PV) conversion is the most 
mature and widespread used technology for electricity generation from solar energy. Concentrating Solar Power (CSP) 
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is another interesting technology for the exploitation of solar energy to produce electricity. Unlike PV systems, the 
operability of a CSP plant integrated with a Thermal Energy Storage (TES) section is comparable with conventional 
and dispatchable power plants. In fact, the inclusion of a TES system allows a power generation partially independent 
from the instantaneous solar radiation [1], coping uncertainty in solar energy availability, mitigating short load 
fluctuations and shifting or extending the energy supply period [2]. Nowadays, CSP technology is mainly used in 
large-scale plants (higher than 10 MW) where the thermal energy produced by the solar field is exploited by 
conventional steam cycles for power generation [2]. However, in recent years, the capabilities of small-scale CSP plant 
(from 50 kW to 5 MW) to meet the challenge of a significant share of solar energy in the electricity mix have been 
investigated [3]. The configuration of small-scale CSP plants significantly differs from that of large-size plants due to 
the lower temperature and pressure reached in the solar field. In this case, Organic Rankine Cycle (ORC) units are 
preferred to steam power plants [4], as they are a reliable technology for small size applications with low-grade heat 
conversion and with power outputs ranging from few kW to some MW [5]. Up to now, very few CSP plants using 
ORC technology are operating in the world [6,7] and, to the authors knowledge, very few studies are available in 
literature about the management of CSP-ORC power plants. This paper presents some results about the ongoing studies 
at the Ottana Solar Facility, a pilot power plant almost ready for commissioning service in Sardinia (Italy) [8,9]. The 
facility is based on a 630 kW CSP plant with thermal storage and a 400 kW concentrating photovoltaic (CPV) plant 
with electrochemical storage. The Ottana Solar facility has been designed with the aim to demonstrate the possibility 
to produce electricity from solar energy with scheduled profiles according to weather forecast as well as to provide 
ancillary services at distribution level. A detailed description of the main section characteristics, with a particular focus 
on the ORC unit, is carried out in this paper. Moreover, the control strategy adopted for determining the daily power 
profile is introduced and the expected performance of the CSP plant are presented and discussed.  

2. The CSP section at the Ottana Solar Facility 

The Ottana Solar Facility, located in the centre of Sardinia, Italy aims to integrate effectively solar concentrating 
technologies and energy storage systems for enhancing the dispatch capabilities of solar power plants. The CSP plant 
(of particular interest for the purpose of the present paper) includes three main sections: 
 The Solar Field (SF), based on six lines of linear Fresnel collectors connected in parallel. The collector lines are 

aligned along the North-South direction and are equipped with a single-axis tracking system to follow the sun 
path. Each collector loop (200 m length and 9.0 m width for a net collecting area of 1432 m2) includes 34 
collectors. The primary mirrors concentrate the solar radiation onto the fixed receiver (7 m above the mirror 
plane) that includes a secondary reflector and the evacuated receiver tube. The Heat Transfer Fluid (HTF), a 
commercial Dowtherm®-T thermal oil, is heated up in the receiver tube, with a design inlet/outlet temperature 
of 165/275°C. Under nominal conditions (Direct Normal Irradiance of 900 W/m2), the efficiency of the solar 
field is about 64% and its thermal power output is about 5 MW, corresponding to a Solar Multiple of 1.61.  

 The Thermal energy storage (TES) section, based on a two-tank direct system using the same HTF as storage 
medium. The two cylindrical steel tanks are provided with a thermal insulation layer and the upper volume above 
the oil is filled with nitrogen to avoid oil oxidation. The Hot Tank collects the HTF heated by the solar field and 
supplies it to the ORC unit; the Cold Tank receives the oil coming from the power block and supplies it to the 
solar field. The two storage tanks are sized to contain about 195 tonnes of thermal oil at a maximum temperature 
of 275°C. The capacity of the storage system is equal to 15.2 MWh, corresponding to 4.92 hours of plant 
operation at nominal conditions. 

 The Power block (PB), based on a Turboden 6HR Special ORC unit, which converts thermal energy into 
electrical energy by means of a regenerative Rankine cycle operated by an organic fluid. As shown in Figure 1, 
the thermal energy produced by the solar field feeds the ORC unit for heating and vaporizing the organic fluid. 
The condensation heat is removed by dry coolers and/or used for underfloor heating in control rooms and offices. 
The main components of the ORC module are: an axial turbine (rotational speed 3000 rpm), a multistage 
centrifugal feed pump coupled with an inverter controlled electric motor, shell & tube primary heat exchangers 
(evaporator and preheater), the recuperator (finned tubes heat exchanger), the condenser (shell & tube heat 
exchanger) and an electric generator (asynchronous type, air cooled).  
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Figure 1 - Schematic view of the CSP section at the Ottana Solar Facility. 

 
Figure 2 - ORC efficiency as function of thermal power input 

Table 1 – ORC performance at reference conditions. 
Thermal oil inlet temperature  275°C 
Thermal oil outlet temperature 165°C 
Thermal oil mass flow rate 11.05 kg/s 
Thermal power input 3100 kWt 
Cooling water inlet/outlet temperature  25°C/35°C 
Thermal power to condenser 2436 kWt 
Gross electrical power 664 kW 
Captive power consumption 35 kW 
Net electrical power 629 kW 
Gross electrical efficiency 21.4% 
Net electrical efficiency 20.3% 

 

2.1. ORC performance 

The 6HR Special ORC unit is designed to produce a net electrical power of 629 kW with a net efficiency of 20.3%. 
Table 1 reports the ORC unit performance at reference conditions. Obviously, the ORC can also operate at part-load 
conditions with a consequent efficiency decrease, as shown in Figure 2. Part-load operation is carried out by keeping 
constant the oil temperature and reducing the mass flow rate. The lower thermal power input results in a decrease of 
the mass flow rate of the organic fluid feeding the evaporator. The turbine adapts to the actual flow conditions with a 
decrease of the input pressure (sliding-pressure control) and the consequent decrease of the enthalpy drop and cycle 
efficiency. The sliding-pressure mode is applied at high partial loads while a combination of sliding pressure and 
throttling occurs at low partial loads, where the sliding pressure mode cannot be applied to avoid premature 
evaporation in the regenerator. The ORC performance also depends on the ambient temperature since the condensing 
heat is mainly removed by dry coolers and, subsequently, the water temperature at the condenser inlet side is directly 
related to the ambient temperature. Finally, because of the intermittent solar energy availability, a daily start-up and 
shut-down of the ORC turbogenerator is scheduled. After the shutdown phase, the ORC unit is kept warm by feeding 
it with a minimal thermal oil mass flow, in order to allow a fast start-up time during the following day (the so-called 
hot start-up). On the other hand, during some periods of the year, especially winter and mid-season, an ORC stop 
longer than one day may occur. In this case, a cold start-up is required with a longer warm-up period and a higher 
amount of energy demanded.  
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3. Determination of the daily power profile 

The management of the CSP plant is entrusted to a supervision and control system of the integrated CSP+CPV plant, 
based on an innovative control strategy. As mentioned, the aim of the Ottana solar facility is not the maximization of 
the energy production (as in typical commercial solar power plants), but the study of the ability of the overall 
CSP+CPV system to deliver scheduled profiles in accordance with the weather forecasting. The achievement of this 
objective requires the development of a novel integrated control logic [9,10], different from that of conventional CSP 
plants [11]. In particular, the supervision and control system mainly consists of an appropriate one-day ahead 
scheduling procedure, which defines the set-point of the CSP+CPV power production for the following day, combined 
with a real-time control algorithm for the power profile tracking according to actual meteorological data. The 
hybridization of the two solar systems (CSP and CPV) occurs both during the daily operation, where the different 
dynamic response of the two systems to the DNI fluctuations (very fast for the CPV and relatively slow for the CSP) 
allows to obtain a more effective regulation of the scheduled profile, and during the start-up phases, where the batteries 
allow to supply the ORC ancillary consumption.  
The determination of the daily power profile of the CSP plant, which is delivered 24 h ahead, is based on two main 
inputs: the state of the CSP plant at the end of the previous day and the weather forecast provided by a specific service. 
The first input refers to the State-of-Charge (SOC) of the hot tank, calculated in function of oil temperature and stored 
oil mass, and the on/off state of the turbogenerator in the previous day. The weather forecast data include the Direct 
Normal Irradiance (DNI), which directly influences the energy production of the solar field, and the ambient 
temperature, which affects the thermal losses in the solar field and the oil tanks as well as the ORC efficiency (ηORC). 
Starting from these input data, the expected thermal energy production of the solar field is evaluated by using the 
simulation model presented in [10]. The overall thermal energy availability EIN is determined as the sum of the 
expected daily energy production of the solar field and the stored energy in the hot tank from the previous day.  
At this preliminary stage, the daily power output profile is simply represented by a constant ORC power output and it 
is defined by four parameters: the ORC on/off state, the net electrical power output PEL, the corresponding duration 
period τORC, and the start-up time tON. The control strategy adopted for the determination of the daily ORC profile is 
based on the trade-off between two conflicting goals: 

1) The maximization of the ORC performance, achieved by operating it as close as possible to nominal conditions 
for high duration periods and with a low number of ORC start-up. 

2) The maximization of the matching between CPV and ORC power delivery periods, exploiting the storage 
capacity of the CSP section to minimize the fluctuations in the CPV power production. 

The first objective promotes the use of the ORC unit at design conditions with a starting time scheduled only if a high 
state-of-charge of the hot tank is reached (similarly to the control strategy currently adopted in large-size CSP plants). 
Vice versa, the hybridization of the two solar systems is pursued in the second objective. Consequently, it is required 
the operation of the ORC unit during daylight periods (that is simultaneously to the CPV), often at part load conditions, 
especially during days characterized by a partial cloud cover. 
The main control variable that determines the trade-off between the two objectives is the clearness index K, which is 
defined as the ratio between the expected daily energy production from the solar field and the corresponding energy 
production in clear-sky conditions. Two K threshold values (KHIGH and KLOW) are introduced. Since high K values 
(K>KHIGH) result in stable atmospheric conditions and the expected fluctuations on the CPV power production are 
limited, the role of the CSP section for supporting the CPV production is marginal. Therefore, the ORC can operate 
at nominal conditions (PEL,nom) and the ORC state is set to ON-FULL. Vice versa, for low K values (that is K< KLOW), 
due to the low solar energy availability, the ORC unit could only operate with low power outputs and for very low 
duration periods. In this case, the ORC unit is kept off (state OFF) and the thermal energy produced by the solar field 
is stored in the TES section. For intermediate values of K, the on/off state of the ORC unit is determined by evaluating 
the overall energy availability EIN (in this case, the SOC of the hot tank at the end of the previous day becomes a 
fundamental parameter). In particular, the start-up of the ORC unit occurs only if the expected EIN is sufficient to 
guarantee a minimum number of operating hours τORC,min at nominal conditions. In this situation, the role of the CSP 
section for supporting the CPV production becomes fundamental and τORC is set equal to the CPV delivery period 
(τCPV). The power level is subsequently calculated according to the overall energy availability and the imposed 
duration period (the ORC state is set to ON-PART). However, in order to avoid too low efficiency values, the 
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minimum ORC power output (PEL,min) is set to 50% of the nominal power and the delivery period is adjusted in order 
to satisfy this constraint (the ORC state is ON-MIN). Figure 3 summarizes the control strategy adopted for scheduling 
the ORC daily power profile. Finally, the start-up time tON is determined by evaluating the SOC of the hot tank. A 
threshold value of this SOC value is introduced (SOCSTART) in order to guarantee the oil supply during the start-up 
phase, as well as to absorb the fluctuations in the thermal energy production during the day. If the state of charge of 
the hot tank at the end of the previous day (SOCPRE) is enough for a safe ORC start up (SOCPRE>SOCSTART), tON is set 
equal to the first hour of the day where a share of the solar field production is expected. On the other hand, a restoration 
of the minimum level in the hot tank is required and tON is set equal to the first hour of the day when the hot tank state 
of charge is higher than SOCSTART. 

 
Figure 3 – Logic block diagram for the determination of the ORC daily power profile. 

4. Expected performance of the CSP plant  

In this section, the expected performances of the CSP plant are presented and analyzed. The SF thermal energy 
production is calculated as a function of solar radiation and solar position by using a dedicated simulation model [10], 
for given values of the main geometrical and technical characteristics of the solar collectors and of the HTF 
thermodynamic properties. The annual thermal energy produced by the solar field is about 5.0 GWht. A share of the 
energy produced by the solar field directly feeds the ORC unit to produce electricity while the surplus is stored in the 
TES section for a deferred use. When the solar radiation is high, the PB is at full load and the hot tank is fully charged, 
then some mirrors are defocused to maintain the thermal power balance. This originates an excess energy neither used 
nor stored, which leads to the so-called defocusing energy losses.  

 
Figure 4 – (a) Real DNI (DNIR) and forecasted DNI (DNIF) and (b) energy flows occurring in 15/10/2016. 
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Figure 5 – (a) Real DNI (DNIR) and forecasted DNI (DNIF) and (b) energy flows occurring in 31/11/2016. 

Table 2 – Expected annual performance of the CSP plant 
Solar energy availability[MWht] 14650 Mean ORC efficiency [%] 19.1% 

Solar field energy output [MWht] 5076 Mean ORC power level [kW] 430 

Defocusing energy losses [MWht] 160 ORC running time [h/year] 2188 

ORC power production [MWh] 941 Number of ORC start/stop 217 

 
For the Ottana site is currently available a weather forecast service and real data have been measured starting from 
October 2016. Figure 4(a) and Figure 5(a) show for two different days, the expected DNI provided by the weather 
forecast service (DNIF) compared to the real DNI (DNIR). High fluctuations on the beam solar radiation are observed 
in Figure 4(a), especially during the middle of the day, while clear sky conditions occur in Figure 5(a). For both days, 
the weather forecast service underestimates the DNI and innovative strategies for minimizing the effect of uncertainty 
in solar energy availability are therefore required. The corresponding power output profiles (PEL), determined by the 
control strategy presented in the previous section, are shown in Figure 4(b) and Figure 5(b), together with the SF 
thermal power produced (QSF) and the State-of-Charge of the TES section. A different strategy is adopted in these two 
test cases as the ORC state is set ON-MIN in the first day (Figure 4(b)) and ON-FULL in the second one (Figure 5(b)). 
It is also observed the important role of the TES system for compensating both the fluctuations on the SF thermal 
energy production and the uncertainty in weather forecast.  
The annual performance of the CSP plant largely depend on the main control parameters, that are: KLOW, which 
determines the off state of the ORC unit during cloudy days, KHIGH, which sets the working point of the ORC unit and 
τORC,min, which represents the minimum duration time of the ORC daily power profile. The expected annual 
performance of the CSP plant are reported in Table 2 by assuming KLOW=0.1, KHIGH=0.8 and τORC,min=2 h. The main 
energy losses occur in the solar field, which achieves an annual average efficiency (including both optical and thermal 
losses) of about 35%. The defocusing energy losses are marginal (about 3% of the solar field energy production) 
demonstrating a proper choice for both TES capacity and Solar Multiple, as well as the adoption of a suitable 
operational strategy for the management of the energy flows from/to the TES system. The ORC unit frequently 
operates at part-load with a consequent average efficiency lower than the nominal one. Moreover, for about 150 days 
the ORC unit is not operating due to the low solar energy availability, achieving a plant capacity factor of 17.3%. This 
value is lower than the typical capacity factors attained in CSP plants that usually operate with higher values of both 
Solar Multiple and storage capacity. However, it is worth noting that the Ottana solar facility is an experimental facility 
plant, which was not designed to maximize the energy production.  
Finally, a preliminary analysis on the expected performance of the plant in function of KLOW, KHIGH and τORC,min has 
been carried out. Figure 6 shows the ORC operating states during the annual simulation by varying these three main 
control parameters, while Figure 7 shows the capacity factor of the CSP plant together with the average ORC 
efficiency (a box plot is added indicating the variability of the efficiency during the year). Figure 6(a) proves that an 
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increase of KLOW results in a decrease of the number of ORC start-up and in a reduction of the ORC operating hours 
at minimum load. As shown by Figure 7(a), the effect is twofold: an increment of the average ORC efficiency, as the 
latter operates closer to its nominal conditions (even a decrease of box size occurs) and, at the same time, a reduction 
of both the annual electrical production and the CSP capacity factor. As shown in Figure 6(b), since the KHIGH control 
parameter is not involved in the determination of the ORC state during days characterized by low K values, the 
percentage of occurrence of both OFF and ON-MIN states remain almost constant by increasing KHIGH. On the other 
hand, low values of this parameter increase the percentage of occurrence of ORC operating states at full load 
conditions. However, the effect on the ORC performance is marginal and both the mean value and the variability of 
the ORC efficiency remain almost constant. Finally, the effect of τORC,min on the on/off ORC operating state is similar 
to KLOW one, but the decision also involves the SOC of the TES section at the end of the previous day. Therefore, the 
ON-FULL state remains constant and the rise in the τORC,min increases the percentage of occurrence of the OFF state 
although the clearness index in these days is higher than KLOW and the solar energy production is not negligible. 
Consequently, a rise in the state-of-charge of the hot tank at the end of these days occurs and the remaining stored 
energy in the hot tank is used in the following days. 
 

 
Figure 6 – Influence of the (a) KLOW, (b) KHIGH and (c) τORC,min on the ORC state. 

 
Figure 7 –Influence of the (a) KLOW, (b) KHIGH and (c) τORC,min on the ORC efficiency and CSP capacity factor. 
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Finally, the determination of the daily power output profile is based on the expected solar field energy production, 
which usually differs from the actual one due to weather forecast uncertainty. Despite this aspect is not analysed in 
this paper, the decision of starting up the ORC unit when a low solar energy availability is foreseen increases the risk 
of a complete emptying of the hot tank and the consequent non fulfilment of the power output profile. 

5. Conclusion 

This paper was focused on the ongoing studies at the Ottana Solar Facility, a new experimental power plant located 
in Sardinia (Italy). The innovative configuration of the solar facility, with the integration of a CSP plant with a CPV 
system, demands the development of a novel control strategy for the achievement of a semi-dispatchability of the 
plant. After a description of the main components of the CSP section, the paper introduces the control strategy 
implemented for the definition of the daily power profile of the ORC turbogenerator. The expected performance are 
then presented through the simulation of two days characterized by different weather conditions, highlighting the 
fundamental role of the thermal energy storage and the frequent operation of the ORC turbogenerator at part load and 
with variable input conditions. Finally, the expected annual performance are investigated pointing out the importance 
of three control parameters on the ORC power profile, which affects the plant capacity factor and the turbogenerator 
efficiency. 
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