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ABSTRACT 

Solar or Photovoltiac (PV) systems have evolved from small stand-alone 

applications through residential and commercial systems to medium-scale in 

megawatts (MW) installations and groups of systems that feed significant 

energy into the utility grid. High PV penetration levels create a number of 

challenges for the management of the operation of the utility grid. This paper 

will cover the current and historic status of the integration of renewable 

energies into utility grids over a variety of global regions. This includes grid 

control and network planning. The technology for the integration of PV is 

described including the codes and standards governing the utility interactivity 

requirements. 
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INTRODUCTION 

With Europe aiming at 20% renewable energy generation [1] and Germany or 

the State of California targeting above 30% of their energy demand by 2020 [2], 

renewable energy sources have to step into a new role as a major energy source 

of the near future. It is the aim of this article to explain the challenges of 

integrating high penetration of photovoltaic to the utility grid with the 
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experiences gained in countries like Spain, Germany and the USA. The 

mitigation strategies that have been developed is presented in this paper.  

 

THE UTILITY GRID TOPOLOGY 

 The topology of the utility grid will have to change in a way that it facilitates 

the introduction of additional renewable sources including PV. This is 

illustrated in figure. 1 below. The communications and control logic has to be 

extended to the low voltage grid to support distributed generation. 

 

  

Figure 1. The utility grid today (left) and tomorrow (right) [4] - the 

communication and control logic has to be extended to support the integration 

of distributed generation. 

 

THE VARIABILITY OF THE SOLAR ENERGY SOURCE 

While the fact that the sun rises and sets each day is a certain event, a cloud 

crossing the sun can potentially reduce the sunlight by 80% within one second. 

A solar module and the inverter which are converting the sunlight into 

electricity are capable to follow these fast changes. This high variability of the 

solar energy source is a concern of many utilities facing higher penetration of 

photovoltaic energy [5]. An example of an irradiance measurement on a 

variably cloudy day in Hawaii [6] is shown in figure. 2. 

 The evaluation of a one year dataset with one second time resolutions from 

Hawaii [6] shows up and down ramps of up to 1000 W/m2 (Fig. 3, left graph). 

In total, however, only about 400 up or down ramps higher than 500 W/m2 

occur. Changing to a 10 second timescale almost 7000 up or down ramps have 

been counted higher than 500 W/m2, reflecting more than 50% change in 

power. 

 

  

Figure. 2. Global horizontal solar irradiation (blue) at Oahu Hawaii with 1 

second time resolution over one day and change of irradiation (ramps in red) 

[6]. 
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Wind speed and cloud patterns are the driving forces of this variability. Solar 

photovoltaic systems collect the energy from the sun in a spatial dimension as 

well. Therefore it is important to understand how the variability changes with 

the area distribution of the solar systems.  

 

CHALLENGES OF PHOTOVOLTAIC UTILITY GRID 

INTEGRATION 

Utilities are concerned about the safe, efficient, and reliable operation of the 

power grid. There are many examples of high penetration PV installations that 

are operating well. There are, however, some cases which illustrate the general 

concerns with this issue. PV is a modular energy source with system sizes 

ranging from just 1 kW to multi MW. In Germany 80% of the PV power is 

interconnected on the distribution network [9]. The distribution networks 

historically have been designed to transfer energy from the high voltage level 

down to the residential load which is connected at the low voltage level. 

Detailed measurements are available at the connection points between the 

distribution system (DSO) and the transmission system (TSO) and visible at the 

distribution grid control centres. The fluctuations of load at the residential level 

are estimated by standardised load profiles. With the integration of 

decentralised power generation such as PV into the low voltage level, the 

distribution control centres looses visibility and control over the grid, as 

network operators have no measurements at the low voltage level today. Manual 

yearly peak current readout had been sufficient up to now (figure. 3a). 

How the actual load profile changes at a low voltage transformer due to 

photovoltaic has been analysed in [7]. Figure 3b shows how the load curve even 

turns to negative values, which indicates the feeding of energy back to the 

medium voltage network at this test site at Ulm, Germany. The black line in 

Fig. 3b represents the estimated load calculated with the standard load profiles 

of these customers. At this residential area, 133 houses and just 14 PV systems 

with a total power of 108 kWp are connected to the low voltage transformer. 

Note that if all of the houses were to be covered with PV, a total power of more 

than 1 MW would feed into the installed 630 kVA transformer. 
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Figure 3. (a) Distribution network - no actual measurement at the low voltage 

level; (b) High resolution three phase power measurement (PL1, PL2, PL3) at 

a low voltage transformer shows negative load flow during a sunny day [7] .  

The dimensioning of the distribution network is determined by the power to be 

transmitted and the voltage limits that have to be met at every connection point. 

Because historically there has been only load in the low voltage network, the 

voltage drop from the transformer to the customer has been evaluated once 

during the network planning. With distributed PV power input to the low 

voltage network this equation changes in terms of transformer short circuit 

power, phase shift at the connection point, actual load and the active and 

reactive power output of the PV inverter (figure 4a). 

 

 

Figure 4. (a) Voltage band influenced by distributed PV input. Without PV 

input the voltage decreases over the feeder line. With PV input also the voltage 

increase has to be considered in the grid design [9]; (b) Network planning and 

operation at transmission and distribution level are not interlinked today.  

The graph on the right states different tasks, influencing parameters and suitable 

tools needed for a complete system analytical model [10]. 

In many cases the voltage band today is the limiting factor for the possible 

degree of power input to the low voltage network. A real world example of this 

is shown in figure. 5 below [10]. 

  

Figure. 5. The two graphs show the results of a low voltage network calculation 

with (left graph) and without (right graph) distributed generation. The local 

power input leads to a voltage rise above 1.05 p.u. in some grid sections [10]. 

To enable additional connection of photovoltaic power expensive grid 

extensions are undertaken. For the technical and financial optimisation of the 

integration of photovoltaic to the distribution grid the network planning tools 

and the network operation have to be adapted. Validated models of photovoltaic 

inverters for the power flow and the dynamic simulation are needed to 

accomplish this. Present network planning and operation of the transmission 

and the distribution grid have been more or less independent. With a dynamic 
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power flow in two directions the information exchange between transmission 

and distribution systems has to be adapted [10]. 

 

PREPARATION FOR INTEGRATION OF HIGH PENETRATION OF 

PHOTOVOLTAIC 

 There are several important considerations in the integration of high 

penetration levels of PV into the utility grid. These include the operation of the 

utility grid including balancing and control, the interaction of the PV equipment 

with the grid as required by grid codes, and forecasting of the PV power 

generation (energy meteorology). 

 

BALANCING RENEWABLE ENERGY INPUT 

Much of the uncertainty about the potential of variable renewables to contribute 

to power portfolios stems from limited understanding of the balancing 

capability of existing flexible resources. To address this, the International 

Energy Agency (IEA)'s GIVAR Project (Grid Integration of Variable 

Resources) has developed the Flexibility Assessment (FAST) Method described 

in detail in [11]. The FAST method determines the present potential for a 

variable renewable energy share in electricity demand along a four steps process 

(figure 6). 

 

  

Figure 6; FAST method proposed by the IEA to prepare for the balancing 

challenge. With four dedicated steps an assessment of the potential of variable 

renewable energy systems to contribute to power portfolios is demonstrated for 

different network areas [11]. 

Step 1 assesses the maximum technical ability of the four flexible resources to 

ramp up and down over the balancing time frame. This is the Technical Flexible 

Resource. 

Step 2 captures the extent to which certain attributes of the power area in 

question will constrain the availability of the technical resource, to yield the 

Available Flexible Resource. 
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Step 3 is to calculate the maximum Flexibility Requirement of the system, 

which is a combination of fluctuations in demand and the Variable Renewable 

Energy (VRE) output (the net load), and contingencies. 

Step 4 brings together the requirement for flexibility and the available flexible 

resource to establish the Present VRE Penetration Potential (PVP) of the system 

in question. 

  

GRID CODES 

The adaptation of grid codes to the decentralised input of renewable power to 

the utility network is an essential measure to enable grid stability also with high 

fractions of solar and wind power input. Several steps have been taken from the 

regulatory authorities in many countries. In the first phase of the integration of 

distributed renewables fixed voltage and frequency limits have been set up and 

the systems have been obliged to immediately shut down in case the grid is 

outside of these limits. Often this is also stipulated the “Get out of the way” 

phase, where PV systems still proved to have a negligible influence on the 

electrical system. Therefore today, grid codes are developed in a way that 

photovoltaic inverters have to support the system stability and assist in the cost-

effective integration of decentralised renewable energy input.  

For the integration of photovoltaic systems into the low-voltage network, grid 

extension is the most expensive way but still the standard solution. Solar 

inverters providing reactive power, however, may be a more cost effective way 

to increase the possible fraction of renewable power input to the distribution 

grid. 

  

 

Figure 7. (a) No voltage control assistance from PV inverters – voltage (green) 

rises over 1.04 p.u. (b) With voltage control assistance from solar inverters with 

reactive power input, voltage is reduced significantly (right graph shows 

reduction below 1.03 p.u.) and thus existing grid infrastructure is able to host 

higher amount of PV [9]. 

Figure 7 explains how voltage band limits can be met with reactive power input. 

The figure on the left shows the system with no reactive power applied and the 

right side shows the reduction in voltage (green dashed line) when reactive 
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power functionality is utilised [13]. Still it is in discussion whether an 

independent local voltage regulation by the individual inverters is sufficient or 

a central control of the parameters from the distribution grid operators is 

necessary. 

 

CONCLUSION 

• Short term variability of solar is significantly smoothed with area 

• Standards for grid connection and operation of variable renewable 

energy systems need to be modified, accepted, and implemented due to 

high penetration of PV 

• Utility friendly inverter features are required for high penetration levels 

to assist network stability and reduce integration costs 

• Maximum capacity of distributed generation and reinforcement of 

appliances in the distribution system have to be evaluated 

• Information on power flow and voltage is needed in distribution 

networks 

• Balancing the variable and increasing input of renewable becomes a 

major issue for transmission systems 
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